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Abstract 
Worldwide, increasing amounts of waste activated sludge (WAS) pose a great 
challenge to the local wastewater treatment plant. Anaerobic digestion of WAS is of 
considerable interest due to its bioenergy recovery, value-added products 
manufacture and greenhouse gas emission control. However, the hydrolysis rate of 
insoluble macromolecular components, such as polysaccharides, proteins, and lipids, 
limits the overall biodegradation rate of WAS. On the other hand, the contamination 
of water caused by recalcitrant organic pollutants, like organic dyes, pesticides and 
antibiotics, affects seriously the quality of water source. The release of these 
persistent organics into natural environment is not only hazardous to aquatic life but 
also in many cases mutagenic to humans and animals. The treatment of wastewater 
containing such compounds is very important for the protection of water source and 
environment. 
Heterogeneous photocatalytic oxidation is a promising alternative among 
advanced oxidation processes (AOPs), due to easy operation under ambient 
temperature and pressure. In addition, TiO2 has been proven to be the most suitable 
photocatalyst because of its high chemical stability, strong photocatalytic activity, 
inexpensive and nontoxicity. TiO2 photocatalysis seems to be a potential option to 
enhance the hydrolysis of macromolecular components of WAS and degradation of 
recalcitrant organic pollutants in wastewater. The aim of this study is to investigate 
the effects of TiO2 photocatalytic pretreatment on the biodegradability of WAS and 
develop a high-efficiency immobilized photocatalytic reactor for the decomposition 
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of recalcitrant organics (Rhodamine B, Methyl Orange, and Potassium Hydrogen 
Phthalate) in wastewater. 
Firstly, the effects of TiO2 photocatalysis on the hydrolysis of protein of waste 
activated sludge and its biodegradability were investigated. The photocatalytic 
degradation of protein was carried out by a slurry suspension system at 25
o
C, using 
bovine serum albumin (500 mg L
-1
) as the protein model and nano-sized TiO2 
particles (anatase, 20 nm) as the photocatalyst. After 12-h UV irradiation, the 
percentage degradation of protein by TiO2 photocatalytic oxidation reached 98.1%. 
The optimal condition for photocatalytic degradation of protein is TiO2 dosage of 5.0 
mg L
-1
 under 2.4 w m
-2
 UV light irradiation. The same TiO2 photocatalytic system 
was employed as experimental apparatus in the pretreatment of waste activated 
sludge, and the photocatalysis pretreated WAS was used as substrate in the following 
mesophilic biohydrogen fermentation. After 96-h mesophilic fermentation, the 
hydrogen production from TiO2 photocatalysis pretreated WAS reached 11.7 
mL-H2/g-VS, which was 2.2 times of that from the control. TiO2 photocatalytic 
pretreatment of WAS obviously accelerated the hydrolysis of its macromolecular 
components like protein and improved the hydrogen production in the subsequent 
mesophilic fermentation.  
After that, a novel TiO2-coated beads immobilized photocatalytic reactor 
(TBIPR) was developed and successfully applied for the decomposition of 
recalcitrant organics in wastewater using Rhodamine B (RhB) and Methyl Orange 
(MO) as the model compounds. The TBIPR was developed by immobilizing 84.0 g 
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TiO2-coated silica beads (average diameter: 3 mm) in a cylindrical-shell photoreactor 
which axially inserted with an UV black light lamp (power: 10 w, λmax: 365 nm). The 
average UV intensity in the developed TBIPR is 10 w m
-2
 and its working volume is 
800 mL. The prepared 1200 mL of each dye solution (10 mg L
-1
) was separately 
induced into the photocatalytic reactor and continuously circulated by a peristaltic 
pump. The photocatalytic degradation of each dye was conducted at 25
o
C under 10 
w m
-2
 UV irradiation. The operation parameters including flow rate, initial 
concentration and repetitive operation performance were investigated. The optimal 
flow rate is 50 mL min
-1
 in this study. The increase of initial RhB concentration leads 
to the decrease of photocatalytic degradation. Five repetitive operations gave a 
relative standard deviation of 0.32%, indicating that the photocatalytic performance 
of developed TBIPR remains almost constant. The results demonstrated that the 
developed TBIPR is a promising alternative for decomposing recalcitrant organics 
like RhB and MO in wastewater. 
Then, the developed TBIPR was used for the treatment of high-COD 
wastewater synthesized using potassium hydrogen phthalate (KHP) as target organic 
pollutant, and the TiO2 photocatalysis pretreated KHP wastewater was used for 
methane fermentation. The photocatalytic degradation of KHP (5000 mg L
-1
) was 
performed using the developed photocatalytic reactor with the flow rate of 50 mL 
min
-1
. The COD removal by 30-d photocatalytic treatment using developed TBIPR 
reached 57.26%. Then, after 14-d mesophilic anaerobic fermentation, the methane 
production from TiO2 photocatalysis pretreated KHP wastewater reached 146.70 
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mL-CH4/g-COD, which was much higher than that of the control (6.99 
mL-CH4/g-COD). The developed TBIPR exhibited excellent performance for the 
treatment of synthesized high-COD wastewater containing non-biodegradable KHP, 
and facilitated the methane production in its following anaerobic fermentation.  
v 
 
Contents 
Chapter 1 Introduction ......................................................................................................... 1 
1.1  Background ...................................................................................................................... 1 
1.2  Anaerobic digestion of waste activated sludge ................................................................ 2 
1.2.1  Theory of anaerobic digestion ............................................................................... 3 
1.2.2  Rate-limiting step of anaerobic digestion process ................................................. 3 
1.2.3  Pretreatment of waste activated sludge ................................................................. 4 
1.3 Photocatalytic degradation of waste activated sludge and recalcitrant organic 
contaminants in wastewater ............................................................................................. 5 
1.3.1  Mechanism of heterogeneous photocatalytic oxidation ........................................ 5 
1.3.2  Factors affecting the photocatalytic efficiency ...................................................... 6 
1.3.3  Challenges of TiO2 photocatalytic degradation of waste activated sludge and 
recalcitrant organic contaminants in wastewater ................................................. 10 
1.4  Objectives of this thesis ................................................................................................. 11 
Chapter 2 Using TiO2 photocatalysis as a pretreatment of waste activated sludge to enhance 
the biohydrogen production ....................................................................................... 14 
2.1  Introduction .................................................................................................................... 14 
2.2  Materials and methods ................................................................................................... 16 
2.2.1  Materials .............................................................................................................. 16 
2.2.2  TiO2 photocatalytic hydrolysis of simulated proteins of WAS ............................ 17 
2.2.3  TiO2 photocatalytic pretreatment of WAS ........................................................... 18 
2.2.4  Fermentative biohydrogen production from TiO2 photocatalysis pretreated 
WAS .................................................................................................................... 19 
2.2.5  Analytic methods ................................................................................................ 20 
2.3  Results and discussion.................................................................................................... 21 
2.3.1  Protein degradation by TiO2 adsorption, UV photolysis and TiO2 photocatalysis21 
2.3.2  Effect of TiO2 dosage on the photocatalytic degradation of proteins .................. 23 
2.3.3  Effect of UV light intensity on the photocatalytic degradation of proteins ......... 24 
2.3.4  TiO2 photocatalytic hydrolysis of waste activated sludge ................................... 24 
2.3.5  Biohydrogen production from TiO2 photocatalysis pretreated waste activated 
sludge .................................................................................................................. 26 
2.4  Summary ........................................................................................................................ 27 
Chapter 3 Development of TiO2-coated beads immobilized photocatalytic reactor for 
decomposing recalcitrant organic pollutants .......................................................... 38 
3.1  Introduction .................................................................................................................... 38 
3.2  Materials and methods ................................................................................................... 41 
3.2.1  Reagents and materials ........................................................................................ 41 
3.2.2  TiO2-coated beads immobilized photocatalytic reactor (TBIPR) ........................ 41 
3.2.3  Removal of RhB by UV photolysis, TiO2-coated beads adsorption and TiO2 
photocatalysis ...................................................................................................... 42 
3.2.4  Optimization of developed TBIPR parameters for RhB degradation .................. 43 
3.2.5  Energy consumption for RhB and MO degradations using developed TBIPR ... 44 
3.2.6  Analytic methods ................................................................................................ 44 
vi 
 
3.3  Results and discussion.................................................................................................... 45 
3.3.1  BET surface area and SEM analysis of TiO2-coated beads and Al2O3 beads ...... 45 
3.3.2  Characteristics of TiO2-coated beads immobilized photocatalytic reactor 
(TBIPR) ............................................................................................................... 46 
3.3.3  Removal of RhB by UV photolysis, TiO2-coated beads adsorption and TiO2 
photocatalysis ...................................................................................................... 47 
3.3.4  Adsorption kinetics of RhB onto TiO2-coated beads .......................................... 48 
3.3.5  Photocatalytic degradation kinetic of RhB using TBIPR .................................... 50 
3.3.6  Effect of flow rate on the photocatalytic degradation of RhB using TBIPR ....... 51 
3.3.7  Effect of initial concentration on the photocatalytic degradation of RhB using 
TBIPR ................................................................................................................. 52 
3.3.8  Repetitive operation performance of developed TBIPR ..................................... 53 
3.3.9  Electrical energy consumption for RhB degradation using developed TBIPR ... 54 
3.3.10  Comparison of developed TBIPR with reported photocatalytic reactors .......... 55 
3.4  Summary ........................................................................................................................ 56 
Chapter 4 Pretreatment of high-COD wastewater using developed photocatalytic reactor to 
improve methane roduction ....................................................................................... 70 
4.1  Introduction .................................................................................................................... 70 
4.2  Materials and methods ................................................................................................... 70 
4.2.1  Materials .............................................................................................................. 70 
4.2.2  Photocatalytic treatment of high-COD wastewater using developed TBIPR ...... 71 
4.2.3  Anaerobic methane fermentation of TiO2 photocatalysis pretreated high-COD 
wastewater ........................................................................................................... 72 
4.2.4  Analytic methods ................................................................................................ 73 
4.3  Results and discussion.................................................................................................... 73 
4.3.1  Photocatalytic pretreatment of high-COD wastewater using developed TBIPR . 73 
4.3.2  Anaerobic methane fermentation of TiO2 photocatalysis pretreated high-COD 
wastewater ........................................................................................................... 74 
4.4  Summary ........................................................................................................................ 75 
Chapter 5 Conclusions .................................................................................................................. 80 
5.1  Using TiO2 photocatalysis as a pretreatment of waste activated sludge to enhance the 
biohydrogen production ................................................................................................. 80 
5.2  Development of TiO2-coated beads immobilized photocatalytic reactor for 
decomposing recalcitrant organic pollutants .................................................................. 80 
5.3  Pretreatment of high-COD wastewater using developed photocatalytic reactor to 
improve methane production ......................................................................................... 81 
5.4  Future research ............................................................................................................... 82 
References ...................................................................................................................................... 83 
Acknowledgement ......................................................................................................................... 98 
Appendix ...................................................................................................................................... 100 
vii 
 
Figures
Fig 1.1 Anaerobic digestion process of organic substrate. 
Fig 1.2 Mechanism of heterogeneous photocatalytic oxidation. 
Fig 2.1 Protein degradation by TiO2 adsorption, UV photolysis and TiO2 
photocatalysis. 
Fig 3.2 The concentration of ammonium generated from the degradation of protein 
by TiO2 adsorption, UV photolysis and TiO2 photocatalysis. 
Fig 2.3 Kinetics of protein degradation and ammonium generation during 12-h TiO2 
photocatalysis. 
Fig 2.4 Effects of TiO2 dosage on the photocatalytic degradation and kapp value of 
protein. 
Fig 2.5 Effects of UV intensity on the photocatalytic degradation and kapp value of 
protein. 
Fig 2.6 Effect of dilution ratio on the hydrolysis of waste activated sludge. 
Fig 2.7 Cumulative hydrogen production from TiO2 photocatalysis pretreated waste 
activated sludge. 
Fig 31 The schematic of developed novel photocatalytic reaction system.  
Fig 3.2 Pore size distribution of TiO2-coated beads and Al2O3 beads. 
Fig 3.3 SEM images of (a) silica carrier, (b) TiO2-coated beads, (c) Al2O3 beads, and 
(d) regenerated TiO2-coated beads after five repetitive operations for RhB 
photocatalytic degradation. 
Fig 3.4 RhB removal during 12-h treatment under different conditions. 
Fig 3.5 UV-VIS-NIR spectral distribution of RhB a) after 12-h treatment of the 
control, UV photolysis, TiO2 adsorption and TiO2 photocatalysis, b) during 12-h 
TiO2 photocatalytic degradation. 
Fig 3.6 Kinetic plots of RhB on TiO2-coated beads a) The adsorption kinetic and 
photocatalytic degradation kinetic, b) intra-particle diffusion kinetic. 
Fig 3.7 Effects of flow rate on the apparent rate constant (kapp) and the degradation 
of RhB after 12-h TiO2 photocatalysis. 
Fig 3.8 Effects of initial concentration on the apparent rate constant (kapp) and the 
degradation of RhB after 12-h TiO2 photocatalysis. 
Fig 3.9 Repetitive operation of the developed TiO2-coated beads immobilized 
photocatalytic reactor (TBIPR) for RhB degradation. 
Fig 4.1 The pH variation in photocatalytic degradation of KHP using developed 
TBIPR. 
Fig 4.2 The time course of COD content and COD removal in photocatalytic 
degradation of KHP using developed TBIPR. 
Fig 4.3 The cumulative methane production from TiO2 photocatalysis pretreated 
high-COD wastewater synthesized using KHP as model organic pollutant. 
viii 
 
Tables
Table 2.1 Main characteristics of raw WAS and 10-fold diluted WAS before/after 
pretreatment (mean values). 
Table 2.2 The chemical composition of trace element solution for biohydrogen 
fermentation. 
Table 3.1 Molecular structure and chemical properties of the dyes. 
Table 3.2 Physicochemical properties of TiO2-coated beads and Al2O3 beads. 
Table 3.3 Energy consumption for the photocatalytic degradation of organic dyes 
(RhB and MO) using developed TBIPR and reported reactors. 
Table 4.1 Molecular structure and chemical properties of Potassium Hydrogen 
Phthalate (KHP). 
 
1 
 
Chapter 1 Introduction 
1.1 Background 
In past decades, increasing amounts of municipal, industrial and domestic 
wastewaters were generated worldwide with the continuous development of modern 
industry and world population. Activated sludge process is a most widely used 
technique for biological wastewater treatment in the world, due to its easy operation, 
high treatment efficiency and low operation cost. However, it results in a huge 
production of waste activated sludge (WAS) in wastewater treatment plants 
(WWTPs). The treatment and disposal of WAS generally accounts for 50%-60% of 
the total construction and operation costs of a WWTP [1], which in addition to the 
serious environmental impacts of WAS poses a great challenge to local WWTPs. 
Three main alternatives are usually considered for WAS disposal including 
landfilling, incineration, and fertilizer utilization. Nevertheless, they all cause 
various socioeconomic-ecological problems limiting or even hindering their 
applications. Landfilling is one of the common ways to deal with wastes, but it is not 
sustainable since its secondary pollution like odor emission and the limited land 
space. Incineration of wastes is usually expensive and emits volatiles/toxicants 
which prone to cause atmospheric pollution. The utilization of WAS as agricultural 
fertilizer is strictly regulated due to both potentially toxic compositions, such as 
heavy metals, pathogens and persistent organic pollutants, and unworthy 
long-distance transportation to faraway countryside [2]. Therefore, it is necessary to 
develop cost-efficient and environmental friendly alternatives for the management of 
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generated large quantities of WAS. 
On the other hand, the contamination of water caused by recalcitrant organic 
pollutants, such as organic dyes, pesticides and antibiotics, affects seriously the 
quality of water resource. The release of these recalcitrant organics into natural 
environment is not only hazardous to aquatic life but also in many cases mutagenic 
to humans and animals. The treatment of wastewaters containing such compounds is 
very important for the protection of water sources and environment. Conventional 
physicochemical methods including adsorption, filtration, and flocculation merely 
transfer the organic contaminants from one phase to another phase which requiring a 
further treatment [3]. The biological method has been proven to be inefficient in 
decontaminating the wastewater containing recalcitrant organics [4]. Thus, 
alternative advanced techniques are required for the decomposition of recalcitrant 
organic contaminants in wastewater. 
1.2 Anaerobic digestion of waste activated sludge 
Anaerobic digestion of waste activated sludge is a promising alternative to 
landfilling, incineration, and fertilizer utilization, mainly due to energy recovery by 
biogas collection and a reduction in CO2 emission. In addition, it has the ability to 
reduce approximately 40% volume of the wastes by degrading its organic 
components into biogas (55%-70% CH4) and disinfect pathogenic microorganisms. 
Actually, WAS is rich in organic carbon, so it can be used as a valuable resource for 
bioenergy conversion rather than be discharged as a waste. Thus, anaerobic digestion 
is an economic and environmental friendly technology for the management of 
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generated huge amounts of WAS. 
1.2.1 Theory of anaerobic digestion 
Anaerobic digestion is a multi-step biochemical reaction process in which 
organic matters are mineralized to methane and carbon dioxide by diverse 
microorganisms. Generally, the anaerobic digestion process consists the following 
four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [5]. Various 
microorganisms are involved in each step. The anaerobic digestion process of 
organic substrates was illustrated in Fig. 1.1. 
During the first step, a group of hydrolytic bacteria secretes enzymes that 
hydrolyze macromolecular polymers to micromolecular monomers to converts the 
insoluble substrates to soluble compounds [6]. The hydrolytic bacteria remove the 
small amounts of oxygen present and create an anaerobic condition in the bioreactor. 
Subsequently, diverse group of acidogenic bacteria ferment the hydrolysate to 
produce organic acids, H2 and CO2. In the subsequent step, acetogenic bacteria 
convert the soluble monomers to acetic acids. The final step in biogas production is 
performed by acetoclastic/hydrogenotrophic methanogens, which produce methane 
from either acetate or H2 and CO2 [7].  
1.2.2 Rate-limiting step of anaerobic digestion process 
In a sound anaerobic digestion system, the four biological processes occur 
sequentially and simultaneously. Hydrolysis of insoluble polymers to soluble 
hydrolysate is usually considered as a rate-limiting step of overall anaerobic 
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digestion process especially when the substrate is in particulate form [8]. The 
hydrolytic process includes multiple enzyme production, diffusion, adsorption, 
reaction and deactivation steps [9], which coupling with hydrolysate formation, 
liberation, dispersion, utilization and accumulation [10]. Hydrolysis is dependent on 
the substrate accessibility and enzyme availability, which is the most vulnerable step 
to pH and the accumulation of short-chain organic acids that affect the stability of 
the whole process. 
1.2.3 Pretreatment of waste activated sludge 
Bioconversion of WAS to biogas is intermediated by hydrolytic and acidogenic 
processes. The hydrolysis of macromolecular components depends heavily on 
hydrolytic enzymes and limits the biodegradation rate of WAS. Thus, suitable 
pretreatment prior to anaerobic digestion is required for enhancing the 
biodegradability of WAS. 
Many pretreatments involving mechanical [11], thermal [12], acid [13], alkaline 
[14], ultrasonication [15] and advanced oxidation process (AOPs) [16, 17] have been 
implemented successfully to enhance the hydrolysis of macromolecular components 
of WAS. Among these methods, AOPs exhibit great potentiality for enhancing the 
hydrolysis of macromolecular components in WAS since its generation of highly 
reactive hydroxyl radicals (·OH) that could oxidize various organics quickly and 
non-selectively [18]. Nevertheless, taking the energy saving and environmental 
conservation into account, development of more cost-efficient and environmental 
friendly pretreatment of WAS is necessary. 
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1.3 Photocatalytic degradation of waste activated sludge and recalcitrant 
organic contaminants in wastewater 
Photocatalytic oxidation is a promising alternative among AOPs. Generally, 
photocatalytic oxidation can be defined as an acceleration of photoinduced reaction 
by the presence of photocatalyst [19]. Such photocatalysts in a heterogeneous 
photocatalysis are solid semiconductor materials, such as titanium dioxide (TiO2), 
tungsten trioxide (WO3), zinc oxide (ZnO) and vanadium pentoxide (V2O5). 
Amongst them, TiO2 has been proven to be the most suitable photocatalyst because 
of its high chemical stability, strong photocatalytic activity, inexpensive and 
nontoxicity [20]. Since the easy operation under ambient temperature and pressure, 
TiO2 photocatalytic oxidation seems to be a potential alternative for the pretreatment 
of WAS and decomposition of recalcitrant organic contaminants in wastewater.  
1.3.1 Mechanism of heterogeneous photocatalytic oxidation 
Photoinduced reactions are activated by absorption of a photon (hυ) with 
sufficient energy that equals or exceeds the band gap energy (Eg) of the photocatalyst 
[19]. The mechanism of TiO2 photocatalytic oxidation of organic compounds under 
UV light irradiation can be described as follows: 
            TiO2 + hυ → TiO2(e
-
cb + h
+
vb)                          (1-1) 
TiO2(h
+
vb) + H2O → TiO2 + H
+
 + ∙OH                   (1-2) 
TiO2(h
+
vb) + OH
˗
 → TiO2 + ∙OH                       (1-3) 
            TiO2(e
-
cb) + O2 → TiO2 + O2
-∙                         (1-4) 
Organics + ∙OH → Degradation products                (1-5) 
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         Organics + TiO2(h
+
vb) → Oxidation products            (1-6) 
            Organics + TiO2(e
-
cb) → Reduction products            (1-7)               
When the photocatalyst absorbs a photon of energy equals or higher than its band 
gap width (hυ ≥ Eg), an electron (e
-
) may be excited from the valence band (VB) to 
the conduction band (CB), resulting in generation of an electron-hole pair (e
-
cb-h
+
vb) 
(Eq. (1-1), Fig. 1.2). Then the electron and hole migrates to the catalyst surface and 
recombines quickly unless reacting with the surface-adsorbed substances. The highly 
oxidative holes can react with surface-bond water molecules or hydroxyl ions to 
produce ∙OH radicals (Eqs. (1-2) and (1-3)), whereas the excited electrons can be 
scavenged by oxygen to form superoxide radical anions (O2
-∙) (Eq. (1-4)). The highly 
reactive species (∙OH, h+vb, and O2
-∙) possess the potential to decompose various 
organics via a series of redox reactions (Eqs. (1-5)-(1-7)). Eventually, the 
degradation products involving CO2, water, nitrates and sulfates are generated after 
the heterogeneous photocatalytic oxidation of target organics. 
1.3.2 Factors affecting the photocatalytic efficiency 
The efficiency of a photocatalytic oxidation process is affected by many 
operating parameters, such as configuration of the photocatalytic reactor, loading of 
the photocatalyst, initial concentration and pH of the reactant, light intensity and the 
presence of ions. For a high-efficiency heterogeneous photocatalytic oxidation 
process, it is very important to optimize these operation parameters. 
(1) Configuration of the photocatalytic reactor 
In general, the photocatalytic reactors can be divided into two main types: 
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slurry-suspension photoreactors and catalyst-immobilization photoreactors. Each 
configuration has its advantages and disadvantages. The photocatalytic efficiency of 
slurry-suspension photoreactors is generally higher than that of 
catalyst-immobilization photoreactors, due to the high surface area for adsorption 
and reaction. However, its low light utilization efficiency and difficult 
separation/recovery of nano-particulate photocatalysts after the reaction constrains 
the application of this design. Development of membrane photocatalytic reactor 
(MPR) which coupled the pressure-driven membrane filtration with slurry type 
photoreactor has shown to solve the issue of photocatalysts separation [21]. 
Nevertheless, this process needs pressure, and fouling of the membrane limits the 
synergy of such combination [22, 23]. To overcome the deficiency of 
slurry-suspension photoreactors, the immobilization of photocatalysts on a carrier 
material or within the photoreactor has also attracted increasing concern in recent 
years. Whereas, this type photoreactors are usually characterized by a low 
surface-to-volume ratios and inefficiencies introduced by absorption and scattering 
of photons by the lighttight support materials and the reaction medium [24]. For 
enhancing the photocatalytic efficiency of catalyst-immobilization photoreactors, it 
is essential to synthesize a high-translucency photocatalyst possessing high 
adsorption capacity and/or modify the configuration of photocatalytic reactor. 
(2) Loading of the photocatalyst 
    The loading of photocatalyst is one of the most important factors that influence 
the photocatalytic efficiency. Increasing the photocatalyst loading can increase the 
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available surface area for adsorption and reaction. However, increasing of the 
photocatalyst concentration also increases the solution opacity leading to a decrease 
of light penetration intensity in the photoreactor [25]. Moreover, the agglomeration 
of photocatalyst nanoparticles at high solid concentration results in the loss of the 
surface area [26]. To some extent, the initial rates of photocatalytic reaction are 
directly proportional to the mass of photocatalysts present in the solution. 
Nevertheless, when the loading of photocatalyst exceeds a certain level, the 
photocatalytic reaction rate becomes independent of photocatalyst concentration. 
Thus, to select an optimum loading of photocatalyst is required for ensuring a high 
efficiency of the photocatalytic reaction system. 
(3) pH and initial concentration of the reactant 
The effects of pH on photocatalytic degradation of target organics in aqueous 
solution mainly associated with the ionization state of photocatalyst surface, position 
of the valence and conduction bands of the photocatalyst, agglomeration of 
photocatalyst nanoparticles and the formation of hydroxyl radicals [27]. Taking TiO2 
as an example, the isoelectric point (point of zero charge, pzc) of the most 
commonly used TiO2 Degussa P25 is at pH 6.8. The TiO2 surface is positively 
charged in acidic media (pH < 6.8), while it is negatively charged under alkaline 
conditions (pH > 6.8) [27]. What means that at pH > pzc the photocatalysts mainly 
adsorb positively charged contaminants, whereas at pH < pzc the adsorption of 
negatively charged contaminants is favored. TiO2 nanoparticles prone to agglomerate 
under acidic conditions, and the surface area available for adsorption of 
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contaminants and photon absorption would be reduced that finally affects the 
photocatalytic degradation efficiency [28]. In alkaline conditions, the ∙OH radicals 
are easier generated since more OH
-
 ions are available on TiO2 surface, resulting in 
an improvement of the photocatalytic efficiency. In contrast, at low pH level the 
positive holes are considered as the major oxidative species. Since the effect of pH is 
so complicated, an optimal pH level should be selected for a specified application on 
a basis of preliminary experiments. 
The initial concentration influences the photocatalytic efficiency mainly via 
affecting the light penetration intensity and the ratio of photoproduced reactive 
radicals to organic molecules in the reaction system. The photocatalytic degradation 
rate of target organics increases with increasing initial concentration to a certain 
level, then further increasing the initial concentration leads to a decrease of the 
degradation rate [27]. 
(4) Light intensity 
    The effects of light intensity on the photocatalytic efficiency can be described 
as follows [29]: (a) At low light intensity (0-200 w m
-2
), the reaction rate increases 
linearly with increasing light intensity, since the predominant reaction is 
electron-hole formation rather than electron-hole recombination. (b) At intermediate 
light intensity (approximately 250 w m
-2
), the reaction rate depends on the square 
root of the light intensity, because electron-hole pair separation competes with 
recombination, thereby resulting in lower effect on the reaction rate. (c) At high light 
intensity, the reaction rate is independent of light intensity. The generation of O2
-∙ 
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radicals is the rate-limiting step especially in case of larger TiO2 particles and the 
photocatalysts agglomerate [30]. 
(5) The presence of ions 
    Many inorganic anions naturally existing in waters, such as Cl
-
, NO3
-
, SO4
2-
, 
CO3
2-
 and HCO3
-
, usually act as the scavengers of h
+
vb and ∙OH in the reaction 
system [27]. Then, some inorganic anion radicals like NO3∙ and CO3
-∙ that exhibit 
lower reactivity than h
+
vb and ∙OH are generated. The observed decrease of 
photocatalytic efficiency in the presence of inorganic ions mainly due to the 
adsorption of these anions on TiO2 surface [31]. 
1.3.3 Challenges of TiO2 photocatalytic degradation of waste activated sludge 
and recalcitrant organic contaminants in wastewater 
The major obstacle in TiO2 photocatalytic degradation of WAS is the inhibited 
UV light transmission caused by its deep color and high-concentration suspension 
solid characteristics. Enhancing the translucency of WAS to ensure sufficient 
photons transmission in the reaction system is essential for an efficient 
photocatalytic degradation of WAS. On the other hand, currently used photocatalytic 
reactor for liquid phase oxidation is based mainly on the slurry-suspension type. In 
order to achieve an easy separation/recovery of the TiO2 photocatalyst after the 
reaction, the immobilization of photocatalysts on a support material or within the 
photoreactor is desirable. In addition, there is great need to enhance the light 
utilization efficiency in the photocatalytic reaction system by modifying the 
configuration of photocatalytic reactor. 
11 
 
1.4 Objectives of this thesis 
The introduction part has concluded that TiO2 photocatalysis is a potential 
option to enhance the hydrolysis of macromolecular components of WAS. The aim 
of this study is to investigate the effects of TiO2 photocatalytic pretreatment on the 
biodegradability of WAS and develop a high-efficiency immobilized photocatalytic 
reactor for the decomposition of recalcitrant organics in wastewater. The specific 
objectives are listed as follows: 
(1) Investigate the effects of TiO2 photocatalysis on the nonenzymatic 
hydrolysis of specific macromolecular components of WAS using bovine serum 
albumin as a protein model. 
(2) Evaluate the potential of TiO2 photocatalytic pretreatment for enhancing the 
biodegradability and biohydrogen producibility of WAS. 
(3) Develop a novel immobilized photocatalytic reactor using TiO2-coated 
beads and evaluate its photocatalytic efficiency by monitoring the photocatalytic 
degradation of Rhodamine B and Methyl Orange in aqueous solution.  
(4) Investigate the photocatalytic performance of developed photocatalytic 
reactor to treat high-COD loading wastewater synthesized by potassium hydrogen 
phthalate (KHP), and use the photocatalytic pretreated KHP wastewater for methane 
fermentation. 
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Fig 1.1 Anaerobic digestion process of organic substrate. 
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Fig 1.2 Mechanism of heterogeneous photocatalytic oxidation. 
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Chapter 2 Using TiO2 photocatalysis as a pretreatment of waste activated 
sludge to enhance the biohydrogen production 
2.1 Introduction 
    Worldwide, increasing amounts of waste activated sludge (WAS) pose a great 
challenge to local wastewater treatment plants due to its environmental impacts, as 
well as huge treatment and disposal costs. The treating and disposing costs of WAS 
account for 60% operation cost of wastewater treatment plant [32]. WAS is rich in 
organic carbon, and so it can be used as a valuable resource for bioenergy conversion 
rather than be discharged as a waste. Anaerobic digestion of WAS is of considerable 
interest owing to its bioenergy recovery in the form of biogas (H2/CH4) [33, 34], 
value-added products manufacture like organic acids [35] and reduction of 
greenhouse gas emission [36]. Bioconversion of organic carbon-rich WAS to biogas 
is intermediated by hydrolytic and acidogenic processes. The hydrolysis of 
macromolecular components (proteins, polysaccharides and lipids) depends heavily 
on hydrolytic enzymes, e.g., proteases, glucosidases and lipases, and limits the 
biodegradation rate of WAS. Thus, suitable pretreatment prior to anaerobic digestion 
is desirable for enhancing the biodegradability of WAS. 
In recent years, many pretreatments have been proposed and shown to facilitate 
the hydrolysis of macromolecular components of WAS. These pretreatments involve 
mechanical disintegration [37], thermal hydrolysis [38, 39], acid [40]/alkaline [41] 
solubilization, ultrasonication [42, 43], and advanced oxidation processes (AOPs) 
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using Ozone [44], hydrogen peroxide [45] and peracetic acid [46]. Amongst them, 
AOPs using strong oxidizing agents exhibit significant potential to accelerate the 
hydrolysis of macromolecular components as the generation of highly reactive 
hydroxyl radicals (·OH). However, from the viewpoint of energy saving and 
environmental conservation, developing a more cost-efficient and environmental 
friendly pretreatment is essential. 
Heterogeneous photocatalytic oxidation using TiO2 is a promising alternative 
among AOPs for decomposing environmental contaminants, since the easy operation 
under ambient temperature and pressure and the possibility of using solar light as 
irradiation source. In addition, TiO2 has been proven to be the most suitable 
photocatalyst because of its high chemical stability, strong photocatalytic activity, 
inexpensive and nontoxicity [47]. Although the reaction mechanism of AOPs in 
general is the generation of highly reactive ·OH, the photocatalytic degradation of 
organics over TiO2 particles occurs mainly via the formation of holes (hvb
+
) [48]. 
When the absorbed photon energy equals or exceeds the band gap of semiconductor 
photocatalyst, electrons are excited from the valence band (VB) to the conduction 
band (CB), resulting in formation of a high energy electron-hole pair (ecb
-
-hvb
+
). The 
photoproduced electron-hole pairs migrate to the photocatalyst surface and 
recombine quickly unless reacting with the surface-sorbed substances. The excited 
electrons are scavenged by oxygen to form superoxides (O2·
-
) and the highly 
oxidative holes react with either water molecules or hydroxyl ions to yield ·OH 
radicals [49]. The oxidizing species (hvb
+
, ·OH, and O2·
-
) possess the potential to 
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oxidize various organics. TiO2 photocatalysis has been widely used to decompose 
some recalcitrant contaminants such as methyl orange [50], rhodamine B [51], 
malachite green [52], and humic acids [53] in wastewater. In the biomedical field, 
TiO2 photocatalysis exhibits a great potential for surface decontamination of medical 
devices and implants by changing the conformation of proteins and accelerating its 
nonenzymatic degradation [54]. TiO2 photocatalysis seems to be a promising 
pretreatment of WAS for enhancing its biodegradability by accelerating the 
hydrolysis of specific macromolecular components such as proteins. However, there 
is few report on using TiO2 photocatalysis as a pretreatment of WAS to accelerate the 
hydrolysis of its macromolecular components. 
In this study, TiO2 photocatalysis was used as a pretreatment of waste activated 
sludge to enhance its biodegradability. The objective of this work was to investigate 
the effects of TiO2 photocatalysis on the nonenzymatic hydrolysis of specific 
macromolecular components of WAS using bovine serum albumin as a protein 
model; and evaluate the potential of TiO2 photocatalytic pretreatment for enhancing 
the biodegradability and biohydrogen producibility of waste activated sludge. 
2.2 Materials and methods 
2.2.1 Materials 
    Bovine serum albumin (BSA) obtained from Wako Pure Chemical Industries, 
Ltd. (Osaka, Japan) was simulated as the proteins of WAS. Before the experiments, 
protein solution containing 500 mg L
-1
 of BSA in 0.15 mol L
-1
 NaCl buffer solution 
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was prepared and stored at 4 
o
C in a fridge. The waste activated sludge (WAS) 
sample was taken from the secondary sedimentation tank of a wastewater treatment 
plant located in Shimodate (Ibaraki, Japan). Prior to use, the collected WAS was 
stored in a refrigerator at 4
o
C. Its characteristics were analyzed before the 
experiments and are listed in Table 3.1. The TiO2 photocatalyst (STS-21, 20 nm) was 
provided by Ishihara Sangyo Kaisha, LTD. Properties of the photocatalyst are as 
follows: TiO2 content (39.2 %, 1000 mg/L), pH (8.3), Absorbance (0.43), Viscosity 
(42.2). 
2.2.2 TiO2 photocatalytic hydrolysis of simulated proteins of WAS 
    To investigate the effect of TiO2 photocatalytic oxidation on the hydrolysis of 
macromolecular components of WAS, a series of batch experiments were carried out 
using bovine serum albumin (BSA) as a protein model. A conventional suspension 
system was used as the experimental apparatus, which consists of a 300 mL glass 
beaker (diameter: 90 mm, height: 60 mm) with cover, an UV black light lamp 
(length: 300 mm; diameter: 28 mm; power: 10 w) as the irradiation source, and a 
magnetic stirrer (SRS116AA, ADVANTEC, Japan).      
The photocatalytic degradation of proteins were carried out by adding 120 mL 
BSA solution and TiO2 photocatalyst in the reactor at the desired concentration (5 
mg L
-1
). Before irradiation, the suspension was magnetically stirred for 30 min in the 
dark to achieve an adsorption/desorption equilibrium. Then the UV lamp was 
switched on to initiate the photocatalytic reaction. During irradiation, samples (1 mL) 
were taken and centrifuged (12,000 ×g, 10 min) at every 1 h up to 12 h. The protein 
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concentration was measured with a UV-vis spectrophotometer (UV1800, 
SHIMADZU, Japan) at 595 nm using coomassie brilliant blue method. Duplicate 
experiments were conducted under the same condition, and the mean values were 
used for analyses. 
In order to optimize the operation parameters in this study, the photocatalytic 
degradation of proteins (500 mg L
-1
) at different TiO2 dosage (0, 2.5, 5.0, 7.5 and 
10.0 mg L
-1
) were conducted. The effect of UV light intensity on the photocatalytic 
degradation of proteins with the TiO2 dosage of 5.0 mg L
-1
 was carried out in the 
range of 0-5 w m
-2
. The sampling and measurement methods are the same as 
previous described. 
2.2.3 TiO2 photocatalytic pretreatment of WAS 
Given the deep color and high-concentration suspension solid characteristics of 
raw WAS, that may inhibit UV light transmission in the photocatalytic pretreatment 
of WAS, it was diluted to 10-fold using deionized water before pretreatment. The 
characteristics of diluted WAS were shown in Table 3.1. The same suspension 
system was used as the experimental apparatus for TiO2 photocatalytic pretreatment 
of WAS.  
The photocatalytic pretreatment of WAS were performed by adding 120 mL diluted 
WAS (dilution ratio: 0, 5, 10, and 15-fold) and TiO2 photocatalyst in the reactor at 
the desired concentration (5 mg L
-1
). Before irradiation, the suspension was 
magnetically stirred for 30 min in the dark to achieve the equilibrium. Then the UV 
light irradiation with intensity of 5.0 w m
-2
 was conducted to initiate the 
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photocatalytic reaction. During experiments, samples (1 mL) were taken at a time 
interval of 1 h up to 12 h. The general characteristics such as total solid content (TS), 
volatile solid content (VS), chemical oxygen demand (COD) and ammonium 
concentration (NH4
+
-N) of TiO2 photocatalysis pretreated WAS were determined 
according to the standard methods. Duplicate experiments were carried out under the 
same condition, and the mean values were used for analyses. 
2.2.4 Fermentative biohydrogen production from TiO2 photocatalysis 
pretreated WAS 
In order to accelerate the start-up process and achieve a stable hydrogen 
fermentation system, pretreatment of the seed sludge is required to enrich 
hydrogen-producing bacteria. Acidification, in comparison with other methods, is a 
simple, economic and effective pretreatment for enriching hydrogen-producing 
bacteria from WAS [55]. In this study, an acidification pretreatment of raw WAS was 
conducted to enrich the hydrogen-producing bacteria. The raw WAS was firstly 
adjusted pH level to 3.0 ± 0.03 by 1 M of HCl solution and stored at 4
o
C in a fridge 
for 24h. Then, the pH level of acidified WAS was adjusted back to 7.0 ± 0.03 by 1 M 
of NaOH solution. After that, 350 mL acid pretreated WAS was mixed with 0.4 g 
glucose as the carbon source for bacteria and 50 mL trace element solution (as listed 
in Table 3.2) in a 500 mL Schott Duran bottle. Nitrogen gas was injected into the 
reactor to maintain the anaerobic condition. The acclimation operation was 
conducted at 35 ± 1
o
C for 4 days. And the acclimated WAS was used as the 
inoculum for biohydrogen fermentation in this study. 
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Biohydrogen fermentation experiments of TiO2 photocatalysis pretreated WAS 
were performed to evaluate the efficiency of photocatalytic pretreatment for 
enhancing biodegradability of WAS. A number of 500 mL Schott Duran bottles were 
used as bioreactor for the biohydrogen fermentation experiments. Hydrogen 
fermentation was performed in four bioreactors using 10-fold diluted WAS without 
pretreatment and with 12-h pretreatments by TiO2 adsorption, UV photolysis and 
TiO2 photocatalysis as the substrates, respectively. Each bioreactor contains 240 mL 
pretreated WAS, 120 mL acclimated inoculum sludge and 40 mL trace element 
solution. Nitrogen gas was injected into the reactor to maintain the anaerobic 
condition. The biohydrogen fermentation experiments were performed in batch 
mode at 35 ± 1
o
C for 4 days. The biogas was collected using two 50 mL plastic 
syringes, and the volume was read directly from the scale on the syringe. The gas 
composition was determined by a gas chromatography. Duplicate experiments in 
each group were carried out under the same condition, and the mean values were 
used for analysis. 
2.2.5 Analytic methods 
    The concentration of protein was determined by the coomassie brilliant blue 
method with bovine serum albumin (BSA) as standard [56]. The pH value was 
measured using a pH meter (SG8-ELK, SevenGo pro). The TS, VS, COD and 
NH4
+
-N of the WAS were detected according to the standard methods [57]. Soluble 
fractions of WAS were defined as passing a 0.45 μm glass microfiber filter. The 
filtrate was analyzed for soluble COD and soluble protein. The gas composition was 
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detected using a gas chromatography (GC-8A, SHIMADZU, Japan) using a machine 
equipped with a thermal conductivity detector and a Porpapak Q column. 
2.3 Results and discussion 
2.3.1 Protein degradation by TiO2 adsorption, UV photolysis and TiO2 
photocatalysis 
The photocatalytic degradation of protein was performed under different 
experimental conditions and the results are illustrated in Fig. 2.1. With 0.5-h dark 
reaction, protein was approximately 6.3% removed from the buffer solution by the 
adsorption of TiO2 nanoparticles. This adsorption facilitates the consequent 
photocatalytic degradation of proteins because an efficient photocatalytic oxidation 
of target organics requires adsorption onto the surface of TiO2 particles. After 12-h 
UV irradiation, the removal ratio of protein by TiO2 photocatalysis reached 98.1% 
which was obviously higher than those by TiO2 adsorption (15.9%), UV photolysis 
(27.5%) and the control (4.5%). The results indicated that TiO2 photocatalysis 
effectively improved the nonenzymatic degradation of proteins.  
Proteins are hydrolyzed firstly during the degradation to peptides and individual 
amino acids which are in turn oxidatively degraded to carboxylic acids and ammonia. 
This can be validated by the decreased pH level and increased ammonium 
concentration of the suspension with TiO2 photocatalysis. During 12-h UV 
irradiation, pH levels of the suspensions with TiO2 photocatalysis and UV photolysis 
continuously decreased from 6.46 to 5.01 and 6.37, respectively. The concentration 
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of ammonium generated by 12-h TiO2 photocatalytic degradation of proteins reached 
to 13.5 mg L
-1
 which was higher than that by UV photolysis (shown in Fig. 2.2). The 
results indicated that TiO2 photocatalysis exhibited higher efficiency than UV 
photolysis for improving the nonenzymatic degradation of proteins to carboxylic 
acids and ammonia. Photocatalytic oxidation changes the conformation of proteins 
and causes peptide hydrolysis [54]. The cleavage of peptide is occurring to form free 
carboxylic acids and ammonia. 
The photocatalytic degradation kinetic of proteins was analyzed by 
Langmuir-Hinshelwood model [58] which is the most commonly used model to 
explain the kinetics of heterogeneous photocatalytic processes. This model can be 
expressed as follows: 
                         
 1
rk K CdCr
dt KC
  

                     (2-1) 
Where r (mg L
-1
 min
-1
) represents the reaction rate that changes with time t (min); kr 
is the limiting rate constant of reaction at maximum converge under the given 
experimental conditions; K is the equilibrium constant for adsorption of the target 
organics onto catalyst; C (mg L
-1
) is the concentration at time t during degradation. 
Since the term KC<<1, Eq. (2-1) can be simplified to a first order kinetics and is 
given by: 
                        0ln r app
C
k Kt K t
C
 
  
 
                    (2-2) 
Herein, C0 (mg L
-1
) represents the initial concentration of target organics, Kapp (min
-1
) 
is an apparent rate constant for the photocatalytic degradation of organics. As shown 
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in Fig. 2.3, the high R
2
 value (0.988) of the kinetic curve exhibits that TiO2 
photocatalytic degradation of proteins well followed the Langmuir-Hinshelwood 
kinetic model. The apparent reaction rate constant (Kapp) calculated from the 
regression equation is 5.43×10
-3
 min
-1
. The generation rate of ammonium calculated 
by the linear regression (as shown in Fig. 2.3) is 0.02 mg L
-1
 min
-1
. 
2.3.2 Effect of TiO2 dosage on the photocatalytic degradation of proteins 
    The photocatalytic degradation efficiency of proteins under various TiO2 
dosages is described in Fig. 2.4. Both the degradation ratio and apparent rate 
constant (Kapp) increase up to a maximum values with increasing TiO2 dosage, and 
then decrease as further increasing the dosage. As shown in Fig. 2.4, increasing the 
TiO2 dosage up to 5.0 mg L
-1
 obviously increases the protein degradation. The 
increase of TiO2 dosage provides more available active sites on the photocatalyst 
surface at which proteins can be adsorbed. In addition, the increased amount of TiO2 
photocatalyst produces more oxidative radicals under UV irradiation, which are 
sufficient and readily accessible for the degradation of nearby protein molecules. 
However, further increasing the TiO2 dosage from 5.0 mg L
-1
 to 10.0 mg L
-1
 
decreases the protein degradation. This phenomenon can be ascribed to the reduction 
of active surface area available for protein adsorption and UV photons absorption 
caused by the aggregation of high-concentration TiO2 nanoparticles. Additionally, 
the higher concentration of TiO2 nanoparticles reduces the penetration intensity of 
UV light due to the scattering effect [59]. The optimal TiO2 dosage for the 
photocatalytic degradation of proteins was 5.0 mg L
-1
 under 2.4 w m
-2
 UV light 
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irradiation. Since the maximum degradation ratio (98.1%) and Kapp value (5.27×10
-3
 
min
-1
) were both achieved with 5.0 mg L
-1
 TiO2 dosage, the following experiments 
were performed at this dosage. 
2.3.3 Effect of UV light intensity on the photocatalytic degradation of proteins 
    The photocatalytic degradation of proteins under different intensity of UV light 
irradiation with 5.0 mg L
-1
 TiO2 dosage was investigated. Fig. 2.5 presents the effect 
of UV light intensity on the photocatalytic degradation efficiency of proteins. The 
photocatalytic degradation efficiency of proteins increases with increasing UV light 
intensity. The maximum degradation ratio (100%) of proteins is achieved when the 
UV light intensity increases up to 4.1 w m
-2
, then further increasing UV light 
intensity results a slight increase of Kapp value to 6.78×10
-3
 min
-1
. The increased UV 
light intensity induces an increasing amount of UV photons absorbed by TiO2 
photocatalyst, and then increases the photoproduced oxidative radicals. That 
contributes to an increase of photocatalytic degradation efficiency of proteins. For a 
given TiO2 dosage, since the amount of photocatalytic sites and the transmittance of 
UV light in the suspension system are constant, unlimited increase of photocatalytic 
degradation efficiency with continuous increasing of UV light intensity is impossible. 
Taking energy consumption into account, the optimum UV light intensity for 
photocatalytic degradation of proteins with 5.0 mg L
-1
 TiO2 dosage is 2.4 w m
-2
 in 
this study. 
2.3.4 TiO2 photocatalytic hydrolysis of waste activated sludge 
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The major obstacle in TiO2 photocatalytic pretreatment of WAS is the inhibited 
UV light transmission caused by its deep color and high-concentration suspended 
solid characteristics. To enhance the penetration efficiency of UV light, the raw WAS 
was diluted using deionized water with the dilution ratio of 5, 10, and 15-fold. The 
photocatalytic pretreatment of raw WAS and diluted ones were performed with TiO2 
dosage of 5.0 mg/L and UV light intensity of 5.0 w m
-2
 by a series of batch 
experiments.  
Fig. 2.6 illustrates the effect of dilution ratio on the photocatalytic pretreatment 
efficiency of WAS. The COD removal ratio of WAS increase with increasing dilution 
ratio up to 10-fold, and then decrease with further increasing the dilution ratio. After 
12-h pretreatment, the COD removal ratio of raw WAS and diluted WAS with the 
dilution ratio of 5, 10 and 15-fold were 6.0%, 15.2%, 60.3% and 50.5%, respectively. 
The ratio of soluble COD (sCOD) to total COD (tCOD) exhibits the same variation 
trend as COD removal ratio and achieves the maximum value (92.8%) with the 
dilution ratio of 10-fold. Increasing dilution ratio enhances the penetration intensity 
of UV light in the suspension system, this results to more oxidative radical 
generation near active photocatalytic sites on the surface of TiO2 photocatalysts. 
Although further increasing dilution ratio continuously increases the penetration of 
UV light in suspension system, the photocatalytic degradation efficiency decrease 
due to a reduced ratio of organic substances to TiO2 photocatalysts. 
The main characteristics of 10-fold diluted WAS before/after 12-h pretreatment 
are listed in Table 2.1. The sCOD/tCOD ratio of WAS pretreated by TiO2 
26 
 
photocatalysis, UV photolysis and TiO2 adsorption and that of the control were 
92.8%, 32.5%, 18.0% and 16.6%, respectively. The results exhibit that TiO2 
photocatalysis in comparison with other pretreatments obviously accelerated the 
hydrolysis of WAS. The decreased pH level from 6.88 to 5.72 by TiO2 photocatalysis 
indicted that photocatalytic pretreatment of WAS improved the hydrolysis of its 
macromolecular components such as proteins to carboxylic acids. The increased 
ratio of soluble protein to total protein from 7.2% to 78.3% provides an evidence for 
this improvement. The protein degradation ratio of WAS pretreated by TiO2 
photocatalysis was 87.0%. Ammonia as one of the main products of protein 
degradation reached the maximum concentration (23.8 mg L
-1
) by TiO2 
photocatalytic pretreatment of 10-fold diluted WAS. In conclusion, TiO2 
photocatalytic pretreatment accelerates the hydrolysis of macromolecular 
components of WAS to smaller molecular weight hydrolysates which are more 
readily metabolized by microorganisms in consequent anaerobic digestion. 
2.3.5 Biohydrogen production from TiO2 photocatalysis pretreated waste 
activated sludge 
To evaluate the efficiency of photocatalytic pretreatment for enhancing 
biodegradability of WAS, a series of mesophilic biohydrogen fermentation 
experiments of TiO2 photocatalysis pretreated WAS were carried out. The 
performance of biohydrogen production from TiO2 photocatalysis pretreated WAS 
was compared with that from UV photolysis and TiO2 adsorption pretreated WAS.  
Fig. 2.7 shows the cumulative biohydrogen production from pretreated WAS. 
27 
 
The bioreactors containing UV photolysis and TiO2 adsorption pretreated WASs and 
the control reactor require 12-h, 21.6-h and 16.8-h start-up period for biohydrogen 
production, respectively. UV photolysis pretreatment slightly accelerated the 
biohydrogen production from WAS, while TiO2 adsorption pretreatment inhibited the 
biohydrogen production. In contrast, the bioreactor containing TiO2 photocatalysis 
pretreated WAS obtained a hydrogen yield of 0.5 mL-H2/g-VS merely after 12-h 
mesophilic fermentation. TiO2 photocatalytic pretreatment obviously accelerated the 
biohydrogen production from WAS. After 96-h mesophilic fermentation, the 
cumulative yields of biohydrogen produced from WASs pretreated by UV photolysis 
and TiO2 adsorption and the control were 5.2, 1.8 and 6.1 mL-H2/g-VS, respectively. 
The cumulative biohydrogen production of control is higher than that of TiO2 
adsorption. In the pretreatment of WAS by TiO2 adsorption, the nano-sized 
photocatalysts are prone to adsorption on the surface of particulate substrates and 
microbial cells. That retards the contact between enzymes/microorganisms and 
organic substrates, thereby inhibits the biodegradation of WAS and the biohydrogen 
production. The cumulative biohydrogen production from TiO2 photocatalysis 
pretreated WAS reached 11.7 mL-H2/g-VS, which is 1.9-fold and 2.2-fold of that 
from the UV photolysis pretreated WAS and the control. The higher yield of 
biohydrogen produced from TiO2 photocatalysis pretreated WAS can be ascribed to 
the enhanced biodegradability of WAS via accelerating the hydrolysis of 
macromolecular components to smaller molecule weight hydrolysates. 
2.4 Summary 
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The effects of TiO2 photocatalysis on the hydrolysis of proteins of waste 
activated sludge and its biodegradability were investigated. It can be concluded from 
the results that (1) TiO2 photocatalysis improved the nonenzymatic degradation of 
protein to carboxylic acids and ammonia. The optimal condition for photocatalytic 
degradation of protein is TiO2 dosage of 5.0 mg L
-1
 under 2.4 w m
-2
 UV light 
irradiation; (2) The hydrogen production from TiO2 photocatalysis pretreated WAS 
after 96-h mesophilic fermentation reached 11.7 mL-H2/g-VS, which was 
approximately 2.2 times of that from the control; (3) TiO2 photocatalytic 
pretreatment of WAS obviously accelerated the hydrolysis of its macromolecular 
components and improved the hydrogen production in the subsequent biohydrogen 
fermentation. 
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Table 2.1 Main characteristics of Raw WAS and 10-fold diluted WAS before/after pretreatment (mean values). 
General property Raw WAS 10-fold diluted WAS 
  
initial after 12-h pretreatment 
    Control TiO2 adsorption UV photolysis TiO2 photocatalysis 
pH 6.55 6.88 6.85 6.93 6.54 5.72 
TS (mg L
-1
) 8450 840 795 763 615 320 
VS (mg L
-1
) 6430 659 605 590 488 265 
tCOD (mg L
-1
) 10596 980 898 876 722 389 
sCOD (mg L
-1
) 672 74 149 158 235 361 
sCOD/tCOD (%) 6.3  7.5  16.6  18.0  32.5  92.8  
Total protein (mg L
-1
) 646.0  63.8  61.5  58.6  48.2  8.3  
NH4
+
-N (mg L
-1
) 119.0  10.7  10.0  8.5  17.1  23.8  
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Table 2.2 The chemical composition of trace element solution for biohydrogen fermentation  
Chemicals Concentration (g L
-1
) Chemicals Concentration (g L
-1
) 
NH4Cl  0.5 NaHCO3 4.0 
MgCl2·6H2O 0.085 KH2PO4  0.5 
CaCl2·2H2O 0.01 K2HPO4       0.5 
FeCl2·4H2O 0.15 ZnSO4·7H2O 0.01 
MnCl2·4H2O 0.03 H3BO3   0.03 
CoCl2·6H2O   0.02 Na2MoO4·2H2O 0.03 
NiCl2·6H2O 0.02     
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Fig 2.1 Protein degradation by TiO2 adsorption, UV photolysis and TiO2 photocatalysis. 
(Experimental conditions: TiO2 dosage: 5.0 mg L
-1
, UV light intensity: 5.0 w m
-2
, BSA 
concentration: 500 mg L
-1
) 
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Fig 2.2 The concentration of ammonium generated from the degradation of proteins by TiO2 
adsorption, UV photolysis and TiO2 photocatalysis. 
(Experimental conditions: TiO2 dosage: 5.0 mg L
-1
, UV light intensity: 5.0 w m
-2
, BSA 
concentration: 500 mg L
-1
) 
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Fig 2.3 Kinetics of protein degradation and ammonium generation during 12-h TiO2 
photocatalysis. 
(Experimental conditions: TiO2 dosage: 5.0 mg L
-1
, UV light intensity: 5.0 w m
-2
, BSA 
concentration: 500 mg L
-1
) 
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Fig 2.4 Effects of TiO2 dosage on the degradation ratio and kapp value of protein photocatalysis. 
(Experimental conditions: TiO2 dosage: 0, 2.5, 5.0, 7.5, 10.0 mg L
-1
, UV light intensity: 5.0 w 
m
-2
, BSA concentration: 500 mg L
-1
) 
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Fig 2.5 Effects of UV intensity on the degradation ratio and kapp value of protein photocatalysis. 
(Experimental conditions: TiO2 dosage: 5.0 mg L
-1
, UV light intensity: 0, 1.5, 2.4, 3.2, 4.1, 5.0 w 
m
-2
, BSA concentration: 500 mg L
-1
) 
 
 
 
 
 
 
 
 
36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.6 Effect of dilution ratio on the hydrolysis of waste activated sludge. 
(Experimental conditions: TiO2 dosage: 5.0 mg L
-1
, UV light intensity: 5.0 w m
-2
, WAS volume: 
120 mL) 
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Fig 2.7 Cumulative hydrogen production from TiO2 photocatalysis pretreated waste activated 
sludge. 
 
 
 
 
 
 
 
 
38 
 
Chapter 3 Development of TiO2-coated beads immobilized photocatalytic 
reactor for decomposing recalcitrant organic pollutants 
3.1 Introduction 
Water is one of the most essential substances for existence of life including 
human beings on the earth. Nevertheless, the contamination of water caused by 
recalcitrant organic pollutants, such as organic dyes, pesticides and antibiotics, 
affects seriously the quality of water resource and human health. The decomposition 
of these organic contaminants is of great significance to the water purification and 
conservation. Traditional physicochemical remediation processes like adsorption, 
filtration, flocculation and extraction merely transfer the organic contaminants from 
one phase to another phase requiring a further treatment [60]. The biological 
degradation has been found inefficient in remediating the wastewater containing 
recalcitrant organic contaminants [61, 62]. Consequently, alternative advanced 
technologies are required for the decomposition of recalcitrant organic contaminants 
in wastewater. 
During the last decades, advanced oxidation processes (AOPs) have attracted 
considerable attention for decomposing recalcitrant and non-biodegradable organic 
pollutants. Heterogeneous photocatalysis superior to other AOPs is a promising 
technology since the easy operation under ambient temperature and pressure [63]. 
Titanium dioxide (TiO2) has been proven to be the most suitable photocatalyst due to 
its high chemical stability, strong photocatalytic activity, inexpensive and nontoxicity 
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[64, 65]. TiO2 photocatalysis has been demonstrated to be an effective technique for 
the degradation of recalcitrant organics in wastewater [66-69]. However, its practical 
application for wastewater treatment is constrained by several technical challenges, 
i.e. light penetration, mass transfer and electron-hole recombination [70, 71], all of 
which need to be further investigated. 
The development of photocatalytic reactor, as well as synthetizing photocatalyst, 
has been systematically investigated for a successful application of TiO2 
photocatalysis in wastewater treatment. There are generally two types of 
photocatalytic reactor configurations: slurry suspension system (TiO2 nanoparticles 
being suspended in the aqueous phase) and catalyst immobilization system (TiO2 
nanoparticles being fixed to a substrate) [72]. Currently used photocatalytic reactor 
for liquid phase oxidation is typically based on the slurry suspension system. 
Although the slurry type photocatalytic reactor exhibits several advantages such as 
simple reactor configuration and high surface area for adsorption and reaction, its 
low light utilization efficiency and difficult separation/recovery of nano-sized 
photocatalysts after the reaction [73] lead to a low effectiveness and high cost of this 
design. In addition, recent studies have raised concerns about the potential toxicity of 
TiO2 nanoparticles [74, 75]. In order to overcome the deficiency of slurry suspension 
system, the immobilization of photocatalysts on a support or within the photoreactor 
has attracted increasing concern in recent years. Nano-sized TiO2 particles can be 
immobilized on various support substrates including glass [76, 77], stainless [78, 79], 
alumina [80], activated carbon [81, 82] and zeolite [83, 84] using many different 
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coating techniques such as sol-gel [85, 86], chemical deposition [87, 88] and 
magnetron sputtering [89]. Activated carbon and zeolite, which possessing high 
adsorption capacity, are usually considered as an excellent catalyst support because 
the efficient photocatalytic oxidation of target organics requires adsorption onto the 
surface of TiO2 particles. Nevertheless, the inherent light-tight property of these two 
support materials retards the photon transmission in a photocatalytic reactor, thereby 
lowers the light utilization efficiency. In terms of immobilizing photocatalysts within 
the photoreactor, several novel photocatalytic reactors characterized respectively by 
UV-LED/TiO2 coated quartz tube [60], TiO2 coated capillary array inserting with UV 
lamp [90] and TiO2 immobilized cylindrical reactor inserted with UV-LED [91] have 
been developed for wastewater treatment. However, the loss of photocatalytic 
activity caused by shedding of immobilized catalysts, the lower active surface 
accessible to the target pollutants, and low light utilization efficiency are still remain 
the major bottlenecks of catalyst immobilized system. For promoting the efficiency 
of catalyst immobilization system, there is great need to search a high-translucency 
support material possessing high adsorption capacity and/or modify the 
configuration of photocatalytic reactor. 
In this study, a novel TiO2-coating beads immobilized photocatalytic reactor 
(TBIPR) was developed to overcome the obstacles present in catalyst immobilized 
systems. The primary objectives of this work are to investigate the photocatalytic 
efficiency and repetitive operation performance of developed TBIPR for the 
decomposition of recalcitrant organic contaminants in wastewater. The 
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photocatalytic efficiency and repetitive operation performance of TBIPR was 
investigated by monitoring its Rhodamine B (RhB) degradation performance in a 
series of continuous experiments. 
3.2 Materials and methods 
3.2.1 Reagents and materials 
Organic dyes are one of the most contaminants widely found in wastewaters 
because of their huge volume of production from industries, slow biodegradation and 
toxicity. Rhodamine B (RhB) is a representative organic dye used extensively in the 
printing, textile and photographic industries, due to their good water-solubility, high 
stability and bright color. RhB obtained from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan) was chosen as the target recalcitrant organic pollutants to evaluate the 
photocatalytic performance of developed TBIPR in this study. Its molecular structure 
and chemical properties are described in Table 3.1. Deionized water was used to 
prepare all the experimental solutions.  
TiO2-coated beads newly developed by Photocatalytic Materials Research 
Institute (Nagoya, Japan) were employed as the photocatalysts to be fixed on the 
photoreactor. Alumina (Al2O3) beads without photocatalytic activity supplied by 
Ikeda Scientific Co, Ltd (Tokyo, Japan) were used as the control of TiO2-coated 
beads. The physicochemical properties of TiO2-coated beads and Al2O3 beads are 
described in Table 3.2. 
3.2.2 TiO2-coated beads immobilized photocatalytic reactor (TBIPR) 
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For enhancing the light utilization efficiency, a pair of cylindrical-shell 
photoreactors (height: 350 mm; external diameter of interior glass tube: 60 mm; 
internal diameter of exterior plexiglass tube: 84 mm; thickness of each tube: 3 mm) 
each inserted axially with an UV black light lamp (length: 300 mm; diameter: 28 
mm; power: 10 w) were designed in this study. The axial distribution of UV light in 
the cylindrical shell of each photoreactor is heterogeneous. The UV light intensity at 
the top, middle and bottom of each photoreactor is 6.3, 17.6 and 6.5 w m
-2
, 
respectively. The average UV light intensity in the cylindrical shell of the 
photoreactor is 10 w m
-2
. A number of newly developed TiO2-coated beads 
(diameters: 2-3 mm) were fixed to the external surface of interior glass tube of one 
cylindrical-shell photoreactor to form the TBIPR. The control reactor was 
constructed by immobilizing numerous Al2O3 beads (diameters: 2-3 mm) to the same 
position of the other cylindrical-shell photoreactor. The working volume of the 
developed reactors is 800 mL. The whole photocatalytic system (shown in Fig. 3.1) 
consists of following three parts: a liquid storage tank (volume capacity: 500 mL) 
with one magnetic stirrer (SRS116AA, ADVANTEC, Japan), a recirculation pump 
(PA26A, Masterflex, USA) and the developed TBIPR. 
3.2.3 Removal of RhB by UV photolysis, TiO2-coated beads adsorption and 
TiO2 photocatalysis 
The removal of RhB was performed using developed control reactor and TBIPR 
under different experimental conditions including (i) control, (ii) UV photolysis, (iii) 
TiO2-coated beads adsorption and (iv) TiO2 photocatalysis. Turn off/on the UV lamp 
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of control reactor, what means without/with UV irradiation, corresponding to the 
conditions of control and UV photolysis. The same operations of developed TBIPR 
correspond to the conditions of TiO2-coated beads adsorption and TiO2 
photocatalysis.  
The prepared 1200 mL of RhB (5 mg L
-1
) solution was taken in a conical flask 
(volume capacity: 2000 mL) and passed through the reactor inlet. Then, the dye 
solution was continuously circulated through the reactor and liquid storage tank with 
magnetic stirring at the flow rate of 50 mL min
-1
 by a recirculation pump, 4 mL of 
degraded sample was withdrawn at every half hour up to 12 h. The concentrations of 
RhB in all samples were determined using a calibration curve of RhB solution 
(concentration vs absorbance) prepared separately with known concentration from 
UV-visible spectra. Absorbance measurement was done using an UV-visible 
spectrophotometer (UV1800, SHIMADZU, Japan) at 554 nm. The adsorption 
spectrum of RhB was recorded on a UV-VIS-NIR scanning spectrophotometer 
(UV-3100PC, SHIMADZU, Japan) in the 200-800 nm wavelength range. Duplicate 
experiments were conducted under every condition, and the mean values were used 
for analyses.  
3.2.4 Optimization of developed TBIPR parameters for RhB degradation 
In the application of any designed photocatalytic reactor for the decomposition 
of environmental contaminants, flow rate and initial concentration of target organics 
play important roles for a complete decontamination. In this study, the photocatalytic 
degradation of RhB (10 mg L
-1
) solution was carried out using the developed TBIPR 
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with different flow rates: 20, 35, 50, 65 and 80 mL min
-1
. The effect of initial RhB 
concentration on the photocatalytic performance of developed TBIPR with the flow 
rate of 50 mL min
-1
 was conducted in the range of 2.5-12.5 mg L
-1
.  
Long-term operation performance of developed photocatalytic reactor is of vital 
importance for its practical application. In the present study, five repetitive 
operations of developed TBIPR were performed to treat 5 mg L
-1
 RhB solution 
(1200 mL/operation).  
In all the experiments, 4 mL of degraded sample was withdrawn at every half 
hour up to 12 h, the concentrations of RhB in all samples were measured using a 
UV-visible spectrophotometer. Duplicate experiments were carried out under the 
same condition, and the mean values were used for analyses.  
3.2.5 Energy consumption for RhB and MO degradations using developed 
TBIPR 
    Energy consumption is an essential parameter to evaluate the efficiency of 
photocatalytic oxidation process. In order to calculate the energy consumption of 
developed TBIPR and compare with reported reactors, the same concentration (10 
mg L
-1
) of RhB and MO solutions (1200 mL) were treated, respectively. The 
sampling and measurement methods are the same as previously described. 
3.2.6 Analytic methods 
The specific surface areas and pore size distributions of TiO2-coating beads and 
Al2O3 beads were determined by N2 adsorption using a Brunauer-Emmett-Teller 
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(BET) specific surface area analyzer (SA3100, Coulter, USA). The morphological 
features of TiO2 coating beads and Al2O3 beads were analyzed by a scanning electron 
microscope (SEM) (JSM-6330F, JEOL, Japan). The UV light intensity of the 
developed photoreactors was measured by an UV light meter (UV340, CUSTOM, 
Japan). The absorbance measurement of RhB solution was carried out using an 
UV-visible spectrophotometer (UV1800, SHIMADZU, Japan) at 554 nm. The 
adsorption spectrum of RhB was recorded on a UV-VIS-NIR scanning 
spectrophotometer (UV-3100PC, SHIMADZU, Japan) in the wavelength range of 
200-800 nm. 
3.3 Results and discussion 
3.3.1 BET surface area and SEM analysis of TiO2-coated beads and Al2O3 beads 
The BET surface area of TiO2-coated beads and Al2O3 beads were measured by 
N2 adsorption isotherm analysis. The measured BET surface area of TiO2-coated 
beads was 118.43 m
2
 g
-1
 with pore volume of 0.80 cm
3
 g
-1
, which was much higher 
than that of Al2O3 beads (2.33 m
2
 g
-1
). Pore size distribution of the TiO2-coated 
beads was presented in Fig. 3.2. The pores of TiO2-coated beads are mainly between 
20-80 nm, indicating that it is a mesoporous material according to the classification 
of porous materials by International Union of Pure an Applied Chemistry (IUPAC). 
The high specific surface area and abundant mesoporous structure is likely to 
enhance the adsorption capacity of target organics, and thereby facilitate their 
photocatalytic degradation on the surface of TiO2-coated beads. By contrast, Al2O3 
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beads seem to be a suitable control material for TiO2-coated beads due to its low 
specific surface area and poor porous structure besides non-photocatalytic activity. 
The TiO2-coated beads used in this study was synthesized by immobilizing 
TiO2 nanoparticles on the surface of silica beads. The morphology of TiO2-coated 
beads and its silica carrier as well as the Al2O3 beads was observed by SEM analysis. 
Fig. 3.3a and b shows the SEM images of the silica carrier and TiO2-coated beads. 
The silica carrier exhibits a rough and porous surface, which contributes partially a 
high specific surface area and abundant porous structure to the TiO2-coated beads. 
After the immobilization of TiO2 nanoparticles, a lots of TiO2 clusters formed on the 
surface of silica carrier, that enables the material possessing photocatalytic activity. 
As shown in Fig. 3.3c, the surface of Al2O3 beads is much smooth and none TiO2 
cluster can be observed in comparison with the TiO2-coated beads. That is the reason 
of using Al2O3 beads as a control material for the TiO2-coated beads in this study. 
3.3.2 Characteristics of TiO2-coated beads immobilized photocatalytic reactor 
(TBIPR) 
The developed TBIPR consists of a cylindrical-shell structural unit, numerous 
TiO2-coated beads and a UV black light lamp (as shown in Fig. 3.1). The UV lamp 
pipe was inserted axially to obtain maximum irradiation on the TiO2-coated beads 
immobilized on the cylindrical-shell structure. On the other hand, the 
high-translucency characteristic of TiO2-coated beads increases the penetration 
intensity of UV light due to its lower scattering effect in comparison with TiO2 
coated zeolite [84] and activated carbon [82]. The average UV light intensity in the 
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cylindrical shell of developed TBIPR is 10 w m
-2
. In addition, the total surface area 
of spherical TiO2-coating beads is much higher than that of general TiO2 coated 
quartz tube. The calculated total surface area of TiO2-coating in developed TBIPR 
was 3.3 times of that in TiO2 coated quartz tube. This increases the contact area 
between UV photons and TiO2 nanoparticles. All of these characteristics 
significantly enhanced the UV light utilization efficiency. 
3.3.3 Removal of RhB by UV photolysis, TiO2-coated beads adsorption and 
TiO2 photocatalysis 
The decolorization of RhB was performed under different experimental 
conditions and the results are shown in Fig. 3.4. After 12-h treatment, the control and 
UV photolysis (control photoreactor without/with UV irradiation) obtained 10.96% 
and 16.29% decolorization of RhB, respectively. The decolorization can be ascribed 
to the adsorption of RhB on Al2O3 beads immobilized on the photoreactor. Enhanced 
removal of RhB in the later condition was partially resulted by the photolysis under 
UV irradiation, except for the adsorption on Al2O3 beads. As shown in Fig. 3.4, 
TiO2-coated beads adsorption and TiO2 photocatalysis (developed TBIPR 
without/with UV irradiation) achieved 51.67% and 89.46% decolorization of RhB, 
respectively. The TiO2-coating beads, in comparison with Al2O3 beads, exhibited 
higher adsorption capacity for RhB due to its high specific surface area and abundant 
mesoporous structure. The high adsorption capacity of TiO2-coated beads improved 
the transportation of RhB molecules to the vicinity of photocatalytic sites and 
thereby facilitated its photocatalytic degradation.  
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Fig. 3.5a presents the UV-VIS-NIR spectral distribution of RhB after 12-h 
treatment by UV photolysis, TiO2-coated beads adsorption and TiO2 photocatalysis. 
The peak height of RhB at 554 nm approximately reduced half by TiO2-coated beads 
adsorption, but the peak shape remained the same. This result was caused by the 
transportation of RhB from liquid phase (solution) to solid phase (TiO2-coated beads) 
by single adsorption without any degradation. With TiO2 photocatalysis, not only the 
peak height of RhB at 554 nm reduced more obviously than single adsorption, but 
also the peak shape was distinctly difference from its original form. The same 
change of peaks at 355 and 255 nm can be observed in Fig. 3.5a. The change process 
of peaks at 554, 355 and 255 nm was illustrated in Fig. 3.5b. Variation of the peak 
shape demonstrated that TiO2 photocatalysis effectively degraded the organic 
compounds in aquatic solution rather than simply transport them from one phase to 
another phase. The results indicated that both RhB and other organic compounds in 
aqueous solution were successfully decomposed via TiO2 photocatalysis using 
developed TBIPR.  
3.3.4 Adsorption kinetics of RhB onto TiO2-coated beads 
Adsorption capacity has a major influence on the efficiency of photocatalytic 
degradation [92], since adsorption is the primary approach by which organic 
contaminants are transported to the vicinity of the photocatalytic sites [93]. To 
understand the mechanisms of RhB adsorption onto TiO2-coated beads, the 
pseudo-fist-order and pseudo-second-order kinetic models were used in this study. 
The adsorption kinetic models can be described as Eq. (3-1) and Eq. (3-2), 
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respectively. 
  1log log
2.303
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q q q                       (3-1) 
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t t
q k q q
                                (3-2) 
Where qt and qe (mg g
-1
) are the amount of RhB adsorbed on per mass of 
TiO2-coated beads at time t and equilibrium time, respectively; k1 and k2 are the 
first-order and second-order rate constants for adsorption. The adsorption kinetic of 
RhB onto TiO2-coated beads were shown in Fig. 3.6a. The obtained experimental 
data well fit with pseudo-second-order adsorption kinetic model, herein the 
correlation coefficient (R
2
) is 0.988. The calculated adsorption capacity qe and 
adsorption rate constant k2 values according to the linear regression of t/qt versus t 
and Eq. (3-2) were 0.0616 mg g
-1
 and 0.0265 g mg
-1
 min
-1
, respectively.  
Besides surface-adsorption, the adsorption process by a porous adsorbent also 
includes an intra-diffusion step. Intra-particle diffusion model proposed by Weber 
and Morris [94] was employed to identify the diffusion mechanism of RhB in 
TiO2-coated beads. This model can be expressed as: 
0.5
t iq k t                                  (3-3) 
Where ki (mg g
-1
 h
-0.5
) represents the intra-particle diffusion rate constant. Fig. 4.6b 
presents the intra-particle diffusion kinetic of RhB into the TiO2-coated beads. The 
intra-particle diffusion kinetic model described this process very well (R
2 
= 0.997). 
The intra-particle diffusion rate constant ki calculated from the slope of the 
regression line is 1.15×10
-2
 mg g
-1
 h
-0.5
. The high surface-adsorption and 
intra-diffusion of RhB on porous TiO2-coated beads is of great important for its 
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following photocatalytic degradation.  
3.3.5 Photocatalytic degradation kinetic of RhB using TBIPR 
Langmuir-Hinshelwood (L-H) kinetic model [95] is the most commonly used 
model to explain the kinetics of heterogeneous photocatalytic processes. In this study, 
L-H model was employed to explain the photocatalytic degradation kinetic of RhB 
using developed TBIPR. This model can be expressed as follows: 
 1
rk KCdCr
dt KC
  

                         (3-4) 
Where r (mg L
-1
 min
-1
) represents the reaction rate that changes with time t (min); kr 
is the limiting rate constant of reaction at maximum converge under the given 
experimental conditions; K is the equilibrium constant for adsorption of the target 
organics onto catalyst; C (mg L
-1
) is the concentration at time t during degradation. 
Since the term KC<<1, Eq. (3-4) can be simplified to a first order kinetics and is 
given by: 
0ln r app
C
k Kt k t
C
 
  
 
                        (3-5) 
Where C0 (mg L
-1
) represents the initial concentration of target organics, kapp (min
-1
) 
is an apparent rate constant for the photocatalytic degradation of organics. As shown 
in Fig. 3.6a, the high R
2
 value (0.999) of the kinetic curve exhibits that 
photocatalytic degradation of RhB using developed TBIPR well followed the L-H 
kinetic model. The apparent reaction rate constant (kapp) calculated from the 
regression equation is 3.12×10
-3
 min
-1
. 
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3.3.6 Effect of flow rate on the photocatalytic degradation of RhB using TBIPR 
In this present study, the photocatalytic degradation of RhB (10 mg L
-1
) was 
performed with different flow rates (i.e. 20, 35, 50, 65 and 80 mL min
-1
) using the 
developed TBIPR. The influence of flow rate on the degradation of RhB was 
illustrated in Fig. 3.7. The degradation ration of RhB increased from 90.8% to 92.8% 
with increasing the flow rate from 20 mL min
-1
 to 50 mL min
-1
, and exhibited a 
slight fluctuation around 92.8% with further increasing the flow rate from 50 mL 
min
-1
 to 80 mL min
-1
. As shown in Fig. 3.7, the corresponding Kapp values exhibited 
the same variation trend with flow rate and fluctuated around 3.68×10
-3
 min
-1
. The 
results indicated that increasing the flow rate may enhance the degradation of RhB 
and there exists an optimal flow rate for this enhancement. However, completely 
contrary results were reported in many literatures [60]. Flow rate affects the 
photocatalytic reaction mainly by changing the convective mass transfer and contact 
time in a continuous-flow reactor. Under low flow rate, photocatalytic degradation of 
target organics is restrained mainly by the convective mass transfer. Increasing flow 
rate reduces the convective mass transfer resistance of target organics and 
photocatalytic intermediates thereby facilitates the photocatalytic degradation of 
organics. With high flow rate, the contact time in comparison with the convective 
mass transfer is the dominant factor that limits the degradation of target organics. 
That means increasing the flow rate will decrease the contact time between target 
organics and immobilized photocatalysts, then lower the photocatalytic degradation 
of the organics. Consequently, some previous study [60, 96] concluded that 
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increasing the flow rate decreases the photocatalytic degradation of organics by 
shortening the contact time. There exists an optimal flow rate for the degradation of 
target organics using designed continuous-flow photocatalytic reactors. The optimal 
flow rate for the photocatalytic degradation of RhB using developed TBIPR is 50 
mL min
-1
 in this study. 
3.3.7 Effect of initial concentration on the photocatalytic degradation of RhB 
using TBIPR 
    The effect of initial RhB concentration on its photocatalytic degradation was 
investigated at different concentrations varying from 2.5 to 12.5 mg L
-1
 using 
developed TBIPR with the flow rate of 50 mL min
-1
. As shown in Fig. 4.8, the 
increase of initial RhB concentration leads to the decrease of photocatalytic 
degradation ration and kapp values. Similar results have been reported concerning the 
photocatalytic oxidation of RhB under UV/solar light using ZnO nanopowder [97]. 
The maximum degradation ration (91.70%) and kapp value (3.52×10
-3
 min
-1
) of RhB 
were obtained at the initial concentration of 2.5 mg L
-1
. For a designed 
photocatalytic reactor, since the light irradiation time and the amount of 
photocatalysts are constant, the photoproduced oxidative species including holes 
(hvb
+
), hydroxyl radicals (·OH) and superoxide radicals (O2·
-
) remain practically 
same. Although increasing initial concentration increases the adsorption amount of 
target organics on the photocatalysts, the rate of photocatalytic degradation decreases 
due to a lower ratio of oxidative species to organic molecules [98]. On the other 
hand, the penetration intensity of light decreases with increasing initial concentration, 
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which resulting in less active photocatalytic sites creation on the surface of 
photocatalysts. 
3.3.8 Repetitive operation performance of developed TBIPR 
Repetitive operation performance is one of the most important parameters in the 
application of any developed photocatalytic reactor for decomposing recalcitrant 
organic contaminants in wastewater. To evaluate the repetitive operation 
performance of developed TBIPR, the photocatalytic degradation of 5 mg L
-1
 RhB 
(1200 mL) was repeated up to five cycles. After each operation, the developed 
photocatalytic reactor was washed with 1% (v/v) methanol solution and pure 
deionized water, respectively. Fig. 3.9 illustrates the photocatalytic degradation of 
RhB in five repetitive operations. This figure shows that more than 90.0% RhB was 
decomposed after 12-h photocatalysis in each operation. The five repetitive 
operations gave a relative standard deviation of 0.32%, indicating that the 
photocatalytic performance of developed TBIPR remains almost constant. This can 
be ascribed to the high stability of TiO2-coated beads immobilized on the 
photoreactor. Fig. 3.3d shows the SEM image of regenerated TiO2-coated beads after 
five repetitive operations. The morphology feature of regenerated TiO2-coated beads 
was little changed comparing with that of original ones (shown in Fig. 3.3b), 
demonstrating the stability of TiO2-coated beads. The results indicated that the 
developed TBIPR has an excellent long-term operation performance for the 
photocatalytic degradation of target organic contaminants in wastewater. The high 
efficiency of developed TBIPR can be ascribed to its unique design of 
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cylindrical-shell configuration inserting axially with an UV black light lamp and the 
high-translucency characteristic of the immobilized TiO2-coated beads. These 
properties of developed TBIPR ensure a maximum utilization of the UV light energy 
thereby greatly decreased its electrical energy consumption. Integrating the 
low-energy consumption characteristic with its high efficiency and excellent 
long-term operation performance, it can be concluded that the developed TBIPR is a 
promising alternative for decomposing recalcitrant organic contaminants in 
wastewater. 
3.3.9 Electrical energy consumption for RhB degradation using developed 
TBIPR 
Energy consumption is an important parameter to evaluate the efficiency of 
photocatalytic reactor for the degradation of target organics. The energy 
consumption for the degraded dyes (RhB and MO) using developed TBIPR was 
calculated. This calculation was based on the electrical energy per mol (Eem), defined 
as the number of kilowatt hours (kWh) of electrical energy required to decompose 
one mol target organics in per unit time. The Eem (kWh mol
-1
 min
-1
) can be 
calculated from the following equation: 
1
60
em
pt pM
E
CVR t CVR
M
                      (3-6) 
Where p (w) is the power input to draw the UV lamp; t (min) is the irradiation time; 
C (mg L
-1
) is the initial concentration of target organics; V (L) is the total volume of 
target organic solutions, R (%) is the degradation ration at time t; M (g mol
-1
) is the 
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molar weights of target organics. The Eem values for the degradation of RhB and MO 
using developed TBIPR was 7.36 and 5.39 kWh mol
-1
 min
-1
, respectively. The values 
were much lower comparing with other photocatalytic reactors [98, 99]. The energy 
consumption of developed TBIPR for the degradation of RhB and MO will be 
compared in detail with reported photocatalytic reactors in the following part. 
3.3.10 Comparison of developed TBIPR with reported photocatalytic reactors 
The photocatalytic degradation efficiency of different target organics is highly 
dependent on the experimental conditions such as the types and dosage of 
photocatalysts, light irradiation source, configurations of photocatalytic reactor and 
reaction time. The efficiency for different dyes (RhB and MO) photocatalytic 
degradation by developed TBIPR and other reported photocatalytic reactors are 
compared in Table 3.3.  
The degradation rate of RhB and MO using developed TBIPR was 0.31×10
-4
 
and 0.43×10
-4
 mol min
-1
 respectively, which were lower than those of most 
slurry-type photocatalytic reactors (shown in Table 3.3). This mainly ascribed to the 
higher surface area of slurry suspension system for the adsorption and reaction. 
However, the difficult separation/recovery of nano-sized photocatalysts after reaction 
seriously constrained the practical application of slurry-type photocatalytic reactors. 
This problem can be solved using developed TBIPR. As shown in Table 3.3, the 
degradation rates of RhB and MO using developed TBIPR was about 3/4 and 1/2 of 
those by TiO2 nanotubes thin-film [70] and TiO2 nanoparticles thin-film [101] 
photocatalytic reactors, respectively. Nevertheless, the corresponding Eem values for 
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the degradation of RhB and MO using developed TBIPR was merely 1/10 and 1/8 of 
that by these two thin-film photocatalytic reactors, respectively. Actually, the Eem 
values for the degradation of RhB and MO using developed TBIPR was much lower 
than those by previously reported photocatalytic reactors (shown in Table 3.3). The 
high efficiency and low-energy consumption of developed TBIPR can be ascribed to 
its unique design of cylindrical-shell configuration inserting axially with an UV 
black light lamp and the high-translucency characteristic of the immobilized 
TiO2-coated beads. These properties of developed TBIPR ensure a maximum 
utilization of the UV light energy thereby greatly decreased its electrical energy 
consumption. Integrating the low-energy consumption characteristic with its high 
efficiency and excellent long-term operation performance, it can be concluded that 
the developed TBIPR is a promising alternative for decomposing persistent organic 
contaminants in wastewater. 
3.4. Summary 
A novel TiO2-coated beads immobilized photocatalytic reactor (TBIPR) was 
developed and successfully applied for the degradation of Rhodamine B and Methyl 
Orange. The high adsorption capacity of TiO2-coated beads facilitates the 
photocatalytic degradation of target organics by improving the transportation of 
organic molecules to the vicinity of photocatalytic sites. Flow rate affects the 
photocatalytic reaction mainly by changing the convective mass transfer and contact 
time in the developed TBIPR. There exists an optimal flow rate for the 
photocatalytic degradation of target organics using developed TBIPR. The increase 
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of initial concentration lowers the ratio of oxidative species to organic molecules and 
the light transmission in the developed TBIPR thereby decreases the photocatalytic 
degradation of target organics. The stability of TiO2-coated beads contributes to an 
excellent repetitive operation performance of the developed TBIPR. The high 
efficiency and low-energy consumption of developed TBIPR can be ascribed to its 
unique cylindrical-shell configuration inserting axially with an UV black light lamp 
and the high-translucency characteristic of the TiO2-coated beads. The developed 
TBIPR exhibits high efficiency, low-energy consumption and excellent long-term 
operation performance. It is a promising alternative for the decomposition of 
persistent organic contaminants in wastewater using developed TBIPR. 
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Table 3.1 Molecular structure and chemical properties of the dyes. 
Molecular structure Chemical properties 
Methyl Orange 
  
 
Chemical formula C14H14N3SO3Na 
Molecular weight 327.33 g mol
-1
 
Absorption maximum 464 nm 
Class Azo dye 
Rhodamine B   
 Chemical formula C28H31N2O3Cl 
Molecular weight 479.01 g mol
-1
 
Absorption maximum 554 nm 
Class Triphenylmethane 
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Table 3.2 Physicochemical properties of TiO2-coated beads and Al2O3 beads. 
Parameters 
 
TiO2 beads Al2O3 beads 
Chemical composition (%) 
TiO2 20 0 
SiO2 80 7 
Al2O3 0 93 
Particle size (mm) 
 
2-3 2-3 
BET surface area (m
2
 g
-1
) 118.43 2.33 
t-Plot surface area (m
2
 g
-1
) 
 
106.71 2.46 
Micropore surface area (m
2
 g
-1
) 
 
12.06 0.00 
Micropore volume (cm
3
 g
-1
) 
 
0.80 0 
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Table 3.3 Energy consumption for the photocatalytic degradation of organic dyes (RhB and MO) using developed TBIPR and 
reported reactors. 
Dyes Concentration Catalyst Reactor type Power input Degradation rate Eem References 
  (mg L-1)     (w) (×10-4 mol min-1) 
(kWh mol
-1
 
min
-1
) 
  
MO 
20 CNTs/P-TiO2 Slurry 250 1.53 272.78 [66] 
10 TiO2 nanotubes Slurry 800 0.97 2282.64 [67] 
15 TiO2/ZnO/Chitosan Thin-film 300 0.19 1115.64 [99] 
5 TiO2 Thin-film 28 0.91 42.76 [100] 
10 TiO2 beads Immobilized 10 0.43 5.39 This study 
RhB 
10 Degussa P-25 Slurry 15 0.98 42.47 [101] 
20 Modified P-25 Slurry 150 0.22 748.45 [102] 
20 Ag/H3PW12O40/TiO2 Thin-film 300 0.14 
2020.12 [103] 
20 TiO2 nanotubes Thin-film 11 0.41 74.68 [70] 
10 TiO2 beads Immobilized 10 0.31 7.36 This study 
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Fig 3.1 The schematic of developed novel photocatalytic system.  
(Note: 1–liquid storage tank; 2–magnetic stirrer; 3–sampling valve; 4–peristaltic pump; 
5–TiO2-coated beads immobilized photocatalytic reactor; 6–UV light lamp; 7–TiO2-coated 
beads) 
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Fig 3.2 Pore size distribution of TiO2-coated beads and Al2O3 beads. 
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Fig 3.3 SEM images of (a) silica carrier, (b) TiO2-coated beads, (c) Al2O3 beads, and (d) 
regenerated TiO2-coated beads after five repetitive operations for RhB photocatalytic 
degradation. 
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Fig 3.4 RhB removal during 12-h treatment under different conditions. 
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Fig 3.5 UV-VIS-NIR spectral distribution of RhB a) after 12-h treatment of the control, UV 
photolysis, TiO2 adsorption and TiO2 photocatalysis, b) during 12-h TiO2 photocatalytic 
degradation. 
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Fig 3.6 Kinetic plots of RhB on TiO2-coated beads a) The adsorption kinetic and photocatalytic 
degradation kinetic of RhB, b) the intra-particle diffusion kinetic of RhB. 
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Fig 3.7 Effects of flow rate on the apparent rate constant (kapp) and the degradation ration of RhB 
after 12-h TiO2 photocatalytic degradation. 
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Fig 3.8 Effects of initial concentration on the apparent rate constant (kapp) and the degradation 
ration of RhB after 12-h TiO2 photocatalytic degradation. 
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Fig 3.9 Repetitive operation of the developed TiO2-coated beads immobilized photocatalytic 
reactor (TBIPR) for RhB degradation. 
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Chapter 4 Pretreatment of high-COD wastewater using developed 
photocatalytic reactor to improve methane production 
4.1 Introduction 
Aerobic treatment systems such as the activated sludge process (ASP) are 
widely used for treating low strength wastewater (< 1000 mg L
-1
 COD) like 
municipal wastewater. ASP process is energy intensive due to the high aeration 
requirement. It also produces large quantity of waste activated sludge (WAS) that has 
to be treated and disposed off. That results in a high operating cost of ASP. 
Anaerobic treatment of wastewater exhibits cost-efficient even in the case of high 
COD loading, due to its low sludge production and recovery of bioenergy. However, 
it has been found to be inefficient for the treatment of high-COD wastewater 
containing non-biodegradable organic pollutants. In our previous study, a novel 
TiO2-coated beads immobilized photocatalytic reactor (TBIPR) was developed and 
successfully applied for the degradation of Rhodamine B and Methyl Orange. In the 
present study, the developed TBIPR was used for the treatment of high-COD 
wastewater synthesized using potassium hydrogen phthalate (KHP) as target organic 
pollutants, and the TiO2 photocatalysis pretreated KHP wastewater was used for 
methane fermentation. 
4.2 Materials and methods 
4.2.1 Materials 
Potassium hydrogen phthalate (KHP) purchased from Wako Pure Chemical 
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Industries, Ltd. (Osaka, Japan) was employed to synthesize the high-COD 
wastewater. Its molecular structure and chemical properties was illustrated in Table 
4.1. Before the experiments, wastewaters with COD content of 5000 mg L
-1
 was 
synthesized using KHP and deionized water. The prepared high-COD wastewaters 
were stored at 4
o
C in a fridge. The waste activated sludge (WAS) taken from the 
secondary sedimentation tank of a wastewater treatment plant located in Shimodate 
(Ibaraki, Japan) was used as the inoculum source. Prior to use, the collected WAS 
was stored in a refrigerator at 4
o
C. Its characteristics were the same as that 
previously described. 
4.2.2 Photocatalytic treatment of high-COD wastewater using developed TBIPR 
The prepared 1200 mL of high-COD wastewater was taken in a conical flask 
(volume capacity: 2000 mL) and passed through the reactor inlet. Then, the 
synthesized high-COD wastewater was continuously circulated through the reactor 
and liquid storage tank with magnetic stirring at the flow rate of 50 mL min
-1
 by a 
recirculation pump, 5 mL of degraded sample was withdrawn every day. The 
photocatalytic treatment of high-COD wastewater lasted for 30 days. The COD 
content in all samples were determined using a calibration curve of KHP solution 
(concentration vs absorbance) prepared separately with known concentration from 
UV-visible spectra. Absorbance measurement was done using an UV-visible 
spectrophotometer (UV1800, SHIMADZU, Japan) at 600 nm. Duplicate 
experiments were conducted under the same condition, and the mean values were 
used for analyses.  
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4.2.3 Anaerobic methane fermentation of TiO2 photocatalysis pretreated 
high-COD wastewater 
In this study, the TiO2 photocatalysis pretreated high-COD wastewater 
synthesized by KHP was used for anaerobic methane fermentation. In order to 
accelerate the start-up process and achieve a stable anaerobic digestion system, 
pretreatment of the seed sludge is required to enrich methanogens. A preliminary 
acclimation of raw WAS was conducted to enrich the methanogens. Firstly, the pH 
level of raw WAS was adjusted to 7.0 ± 0.03 by 1 M of NaOH solution. After that, 
400 mL WAS was mixed with 0.4 g glucose as the carbon source for bacteria in a 
500 mL Schott Duran bottle. Nitrogen gas was injected into the reactor to maintain 
the anaerobic condition. The acclimation operation was conducted at 35 ± 1
o
C for 14 
days. The acclimated WAS was used as the inoculum for methane fermentation in 
this study. 
Methane fermentation experiments of TiO2 photocatalysis pretreated high-COD 
wastewater were performed in batch mode. A number of 50 mL glass test-tubes with 
sealing caps were used as the bioreactors. Methane fermentation was performed in 
three groups of bioreactors: (R1) control, 8 mL seeding sludge was mixed with 32 
mL deionized water; (R2) KHP wastewater, 8 mL seeding sludge was mixed with 32 
mL synthesized high-COD wastewater; and (R3) photocatalysis pretreated KHP 
wastewater, 8 mL seeding sludge was mixed with 32 mL photocatalysis pretreated 
KHP wastewater. The initial COD content of R1, R2 and R3 is 3900, 8800 and 9300 
mg L
-1
, respectively. The methane fermentation experiments were carried out at 35 ± 
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1
o
C for 30 days. The biogas was collected using a 10 mL plastic syringes, and the 
volume was read directly using the scale on the syringe. The gas composition was 
determined by a gas chromatography. Duplicate experiments in each group were 
carried out under the same condition, and the mean values were used for analysis. 
4.2.4 Analytic methods 
    The pH value was measured using a pH meter (SG8-ELK, SevenGo pro). Total 
solid content (TS), volatile solid content (VS), chemical oxygen demand (COD) 
were detected according to the standard methods. The gas composition was detected 
using a gas chromatography (GC-8A, SHIMADZU, Japan) equipped with a thermal 
conductivity detector and a Porpapak Q column. 
4.3 Results and discussion 
4.3.1 Photocatalytic pretreatment of high-COD wastewater using developed 
TBIPR 
The developed TBIPR was used to treat synthesized high-COD wastewater by a 
series of continuous experiments. As shown in Fig. 4.1, the pH value of the 
synthesized wastewater increased with the irradiation time. After 30-d photocatalytic 
treatment, the pH value increased to 5.25 from initial 4.05. This result can be 
ascribed to the broken up of carboxyl groups (-COOH) in the KHP molecules during 
its photocatalytic degradation.  
Fig. 4.2 illustrates the variation of COD content and COD removal ratio during 
30-d photocatalytic treatment of the synthesized high-COD wastewater. After 30-d 
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photocatalytic degradation, the COD content of synthesized wastewater decreased 
from 5000 to 2137 mg L
-1
. The corresponding COD removal ratio by the 
photocatalytic treatment using developed TBIPR reached 57.26%. The developed 
TBIPR exhibited excellent performance for the treatment of synthesized high-COD 
wastewater containing non-biodegradable KHP.  
4.3.2 Anaerobic methane fermentation of TiO2 photocatalysis pretreated 
high-COD wastewater 
    Fig. 4.3 shows the cumulative methane production of the control (R1), KHP 
wastewater (R2) and TiO2 photocatalysis pretreated KHP wastewater (R3). Both the 
bioreactors R1 and R2 required 4-d start-up period for methane production. While 
that of bioreactor R3 is just 2 days, indicating that TiO2 photocatalytic pretreatment 
enhanced the biodegradability of KHP thereby shortened the start-up period of 
consequent methane fermentation process. After 14-d anaerobic fermentation, the 
methane production of R1, R2 and R3 bioreactors was 6.99, 6.50 and 146.70 
mL-CH4/g-COD, respectively. The methane production of control bioreactor mainly 
derived from the bioconversion of organic compounds in the seeing sludge. The 
methane production of bioreactor R2 was slightly lower than that of the control one 
due to its higher COD loading which inhibited the activity of methanogens. The 
bioreactor R3 obtained the highest methane production in comparison with R2 and 
the control. This result showed that TiO2 photocatalytic pretreatment of high-COD 
wastewater using developed TBIPR obviously improved the methane production in 
the consequent anaerobic fermentation. 
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4.4 Summary 
In the present study, the developed TBIPR was used for the treatment of 
high-COD wastewater synthesized using potassium hydrogen phthalate (KHP) as 
target organic pollutants, then the TiO2 photocatalysis pretreated KHP wastewater 
was used for methane fermentation. After 30-d photocatalytic treatment, the pH 
value increased to 5.25 from initial 4.05. This result can be ascribed to the broken up 
of carboxyl groups (-COOH) in the KHP molecules during its photocatalytic 
degradation. The corresponding COD removal ratio by the photocatalytic treatment 
using developed TBIPR reached 57.3%. The developed TBIPR exhibited excellent 
performance for the treatment of synthesized high-COD wastewater containing 
non-biodegradable KHP. Then, after 14-d mesophilic anaerobic fermentation, the 
methane production from TiO2 photocatalysis pretreated KHP wastewater reached 
146.70 mL-CH4/g-COD, which was much higher than that of the control (6.99 
mL-CH4/g-COD). This result showed that TiO2 photocatalytic pretreatment of 
high-COD wastewater using developed TBIPR obviously improved the methane 
production in the consequent anaerobic fermentation. 
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Table 4.1 Molecular structure and chemical properties of potassium hydrogen phthalate (KHP). 
Molecular structure Chemical properties 
potassium hydrogen phthalate (KHP)   
 
Chemical formula KHC8H4O4 
Molecular weight 204.22 g mol
-1
 
Density 1.64 g cm
-3
 
Class Aromatic acid salt 
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Fig 4.1 The pH variation in photocatalytic degradation of KHP using developed TBIPR. 
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Fig 4.2 The time course of COD content and COD removal ratio in photocatalytic degradation of 
KHP using developed TBIPR. 
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Fig 4.3 The cumulative methane production from TiO2 photocatalysis pretreated high-COD 
wastewater synthesized using KHP as model organic pollutant. 
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Chapter 5 Conclusions 
5.1 Using TiO2 photocatalysis as a pretreatment of waste activated sludge to 
enhance the biohydrogen production 
The effects of TiO2 photocatalysis on the hydrolysis of protein of waste 
activated sludge and its biodegradability were investigated. It can be concluded from 
the results that: 
(1) TiO2 photocatalysis improved the nonenzymatic degradation of protein to 
carboxylic acids and ammonia. The optimal condition for photocatalytic 
degradation of protein is TiO2 dosage of 5.0 mg L
-1
 under 2.4 w m
-2
 UV light 
irradiation. 
(2) The hydrogen production from TiO2 photocatalysis pretreated WAS after 96-h 
mesophilic fermentation reached 11.7 mL-H2/g-VS, which was approximately 
2.2 times of that from the control. 
(3) TiO2 photocatalytic pretreatment of WAS obviously accelerated the hydrolysis of 
its macromolecular components like protein and improved the hydrogen 
production in the subsequent biohydrogen fermentation. 
5.2 Development of TiO2-coated beads immobilized photocatalytic reactor for 
decomposing recalcitrant organic pollutants 
A novel TiO2-coated beads immobilized photocatalytic reactor (TBIPR) was 
developed and successfully applied for the degradation of Rhodamine B and Methyl 
Orange. The conclusions were draw as follows: 
(1) The high adsorption capacity of TiO2-coated beads facilitates the photocatalytic 
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degradation of target organics by improving the transportation of organic 
molecules to the vicinity of photocatalytic sites.  
(2) Flow rate affects the photocatalytic reaction mainly by changing the convective 
mass transfer and contact time of dye molecules with TiO2 surface in the 
developed TBIPR. There exists an optimal flow rate for the photocatalytic 
degradation of target organics using developed TBIPR.  
(3) The developed TBIPR exhibits high efficiency, low-energy consumption and 
excellent repetitive operation performance. It is a promising alternative for the 
decomposition of recalcitrant organic contaminants in wastewater using 
developed TBIPR. 
5.3 Pretreatment of high-COD wastewater using developed photocatalytic 
reactor to improve methane production 
In the present study, the developed TBIPR was used for the treatment of 
high-COD wastewater synthesized using potassium hydrogen phthalate (KHP) as 
target organic pollutant, then the TiO2 photocatalysis pretreated KHP wastewater was 
used for methane fermentation. Following conclusions were obtained via discussing 
the experimental results. 
(1) After 30-d photocatalytic treatment, the pH value increased to 5.25 from initial 
4.05. This result can be ascribed to the broken up of carboxyl groups (-COOH) in 
the KHP molecules during its photocatalytic degradation.  
(2) The corresponding COD removal ratio by the photocatalytic treatment using 
developed TBIPR reached 57.3%. The developed TBIPR exhibited excellent 
82 
 
performance for the treatment of synthesized high-COD wastewater containing 
non-biodegradable KHP.  
(3) After 14-d mesophilic anaerobic fermentation, the methane production from TiO2 
photocatalysis pretreated KHP wastewater reached 146.70 mL-CH4/g-COD, 
which was much higher than that of the control (6.99 mL-CH4/g-COD). This 
result showed that TiO2 photocatalytic pretreatment of high-COD wastewater 
using developed TBIPR obviously improved the methane production in the 
consequent anaerobic fermentation. 
5.4 Future research 
    In this study, a novel TiO2-coated beads immobilized photocatalytic reactor 
(TBIPR) was developed and successfully applied for the degradation of Rhodamine 
B and Methyl Orange. The developed TBIPR exhibited great potentiality for the 
decomposition of recalcitrant organic contaminants in wastewater. For the practical 
application of this photocatalytic reactor, many issues should be further investigated 
in the future research that is listed as follows: 
(1) Using developed TBIPR for the photocatalytic pretreatment of WAS to enhance 
the fermentative biogas production. 
(2) Synthesizing immobilized visible-light-sensitive photocatalysts to substitute the 
TiO2-coated beads in developed TBIPR for utilizing solar light as the irradiation 
source. 
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